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Recent developments of fiber lasers allow for easier beam delivery facilitating greater 
applications for laser welding in industry. Welding with high energy density heat sources allows for faster 
travel speeds, faster cooling rates, and smaller heat affected zones. However, there is a still a lack of 
knowledge base on how laser welding process parameters affect the weldability of austenitic nickel 
alloys. 




























. Welds were made at 25 
mm/s at laser powers ranging from 400 to 600 Watts. Solidification cracking was observed in cross-
sections of the fusion zone of HR-160
®
 alloy and HR-120
®
 alloy. Dendritic solidification was found in all 
alloys, and partitioning within the dendritic structure compared well with Scheil calculations performed 
using ThermoCalc software. A eutectic liquid rich in carbide forming elements was found at the 




, and 718 alloys and was quantified by processing backscatter 
electron images of the fusion zone. This interdendritic liquid was found to back fill solidification cracks 
that formed in the fusion zone during weldability testing.  
Transverse Varestraint and Sigma-Jig testing were performed to rank the weldability of alloys. 
During Transvarestraint testing, the ram drop timing was recorded in relation to the laser output, and a 
type R thermocouple was also placed in the laser path, and the approximate cooling rate of the fusion 
zone was recorded and used to calculate the solidification cracking temperature range.  
Rankings of the weldability compared well between Sigma-Jig and Transvarestraint testing, with 
the exception of 214 alloy and HR-120 alloy, which ranked much better and worse, respectively in 
Sigma-Jig tests. A possible explanation for this difference is the higher thermal conductivity and lower 
yields strength of 214 alloy and high temperatures, allowing it to accommodate more stress in the Sigma-
Jig test. The final ranking of alloys from more weldable to less weldable by Sigma-Jig testing is 188, 214, 
282, 718, 230, HR-120, and HR-160. The final ranking by maximum crack length in Transvarestraint 
specimens listed from more weldable to less weldable is: 188, 282, HR-120, 718, 230, 214, and HR-160. 
                                                
1
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CHAPTER 1: INTRODUCTION 
Lasers and electron beams are some of the highest energy density power sources for industrial 
welding. The high energy density leads to good joint efficiency, high process speeds, fast cooling rates, 
and a small heat affected zone (HAZ) when compared to arc welding. (1,2) Developments in fiber lasers 
have allowed for even higher efficiencies, lower cost of ownership and easier positioning of the laser 
beam have led to a greater implementation of laser welding in industry. (3,4) Despite these advantages, 
there is a still a gap in knowledge on how the high travel speeds, cooling rates, and small heat affected 
zone affect the weldability of these alloys compared to arc processes.  
A variety of tests have been developed to characterize the hot cracking susceptibility of materials 
during welding, but few are adapted for the solidification conditions during laser welding. (5–10) A 
summary of these tests is shown in Table1.1. Note that only a few of the weldability tests have been 
developed specifically for laser weldability. Because of the fast travel speeds, fast cooling rates, and small 
heat affected zone in a laser weld, many of the self-restraint tests developed for arc welding are not 
suitable in laser welding because they do not develop enough strain during solidification to induce hot 
cracking. Weeter’s test was specifically designed for pulsed laser welding, but little work has been done 
on it since its inception in 1987. (6,11) The circular patch test was originally developed for arc welding 
and later modified for laser welding. Due to the limited amount of shrinkage in a laser weld additional 
clamping and weld passes are needed to induce cracking in the circular patch test. (12) Sigma-Jig, 
Varestraint, and constant strain rate tests have all been successfully adapted for laser weldability testing 
and used to characterize the weldability of several alloys.  
Due to the additional challenges and relatively recent growth of laser welding, there is still 
limited published literature on laser weldability, specifically of austenitic nickel alloys. Data from a 
search on Web of Science in 2016 shown in Figure 1.1 demonstrates the lack of papers on fiber laser 
welding compared to related study topics. Journals in the search included “Welding in the World”, “The 
Welding Journal”, “Metallurgical and Materials Transactions A”, “Journal of Laser Applications”, 
“Journal of Materials” and many others.  
The purpose of this present study was to add to the knowledge base on the laser weldability of 
austenitic nickel alloys. The objective was accomplished through characterization of laser welds and laser 
weldability testing using the Transvarestraint and Sigma-Jig tests on a series of austenitic nickel alloys 




Figure 1.1: Web of Science search data from 2016. Bar graphs plot the number of publications containing 
the search terms stated. 
 3 
Table1.1: A list of some tests developed for weldability testing. Some are developed specifically for laser 
weldability testing. 
Possible Weldability Tests: Adapted for laser welding: 
 














Rigid restraint (RRC) 
 














Cast pin tear 
 








CHAPTER 2: BACKGROUND 
2.1 Characteristics of Laser Welding 
Focused high power lasers are one of the highest energy density power sources available for 
industrial welding when compared to arc or plasma heat sources, as illustrated in Figure 2.1. The high 
energy density of focused lasers allows for good joining efficiency and the possibility of keyhole welding. 
(1) This section will describe the effect of varying laser parameters on the weld pool and some of the 
mechanisms and practical characteristic of laser welding metals. 
 
 
Figure 2.1: Schematic drawing of the cross-section of the fusion zone of welds from various power 
sources with different power densities. (13) 
2.1.1 Keyhole Welding 
The heat transfer from the laser to the metal depends on the energy density of the radiation 
focused on the surface of the material. As illustrated in Figure 2.2, at low surface temperatures, only 
oxidation and surface heating occur, as the energy density and corresponding surface temperature 
increase, a molten pool forms via heat conduction from the surface. Higher energy densities finally heat 
the metal enough to vaporize it, producing a keyhole.  
In conduction mode, heat is distributed by convection and conduction into the material 
developing a shallow, hemispherical weld pool. Typically, this mode is most useful for thin sheets as the 
aspect ratio (depth/width) is low. In keyhole mode, momentum from ejected metal vapor creates a vapor 
cavity in the molten pool which deepens until the pressure from vapor ejection balances with the recoil 
pressure of the keyhole wall from surface tension. As shown in Figure 2.2, keyhole welding operates at a 
much higher efficiency than conduction welding due to internal reflection in the keyhole. Keyhole welds 
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also have a higher aspect ratio of the fusion zone, making it useful for joining thicker sections, but key 
holing can also lead to the formation of porosity in the fusion zone. Illustrations of laser welds made at 
low and high power densities can be observed in Figure 2.3. 
As indicated in the last paragraph, the stability of a keyhole during welding is dependent on a 
balance between the metal vapor pressure expanding the keyhole, and surface tension closing the keyhole. 
J. Volpp and F. Vellertsen (14–16) have demonstrated that the keyhole shape can be modeled by dividing 
it into cylindrical sections and performing an energy and force balance on each section. Figure 2.4 shows 
a flow diagram of the energy balance for one cylindrical section. The pressures from surface tension and 
ablation were calculated as a function of keyhole radius for each element shown in Figure 2.5. Even 
though two theoretical equilibrium points exist, even slight fluctuations in diameter at intersection I will 
cause the keyhole to expand to intersection II. At equilibrium, the balance of pressures can be used to 
calculate a spring constant which in turn can be used to predict the oscillation frequency of the keyhole. 
(15) This model requires prior knowledge of the penetration depth, but can predict the width, stability, 
and oscillations in the keyhole.  
 
 
Figure 2.2: Laser-matter coupling coefficient as a function of surface temperature. Surface temperature 





Figure 2.3: Schematic comparing the cross-sections of a continuous wave and pulsed laser welds made in 
conduction and keyhole mode. (1) 
 
 




Figure 2.5: Calculated surface tension and ablation pressure as a function of keyhole element diameter. 
Equilibrium is theoretically possible at keyhole radii I and II, but even small fluctuations 
in diameter at I expand the keyhole to II. (15) 
2.1.2 Effect of Process Parameters on Continuous Wave Laser Welds 
For a given laser system, the typical parameters adjusted for a laser weld are laser power, focus 
position, and travel speed. Increasing the power and decreasing the travel speed increase the penetration 
depth. (3) These relationships can be seen in Figure 2.6 with weld penetration depth versus travel speed 
for multiple energy densities and spot sizes. At the extremes of low and high travel speed, and at 
extremely high power densities, defects form. Low travel speeds lead to porosity. High travel speeds 
cause undercut, and too high of power densities can cause humping. (13) These relationships are notated 
on Figure 2.7. Materials systems, laser optic systems, shielding gas, and joint surface preparation can all 
have an influence on these parameters. 
2.2 Solidification Cracking 
Solidification cracking is a type of hot cracking that occurs during solidification in the weld pool. 
Generally speaking, solidification cracking is associated with a liquid film at the end of solidification 
which cannot support shrinkage stresses that develop during cooling in the solidifying metal in the weld 
pool. The fundamental mechanisms for solidification cracking were initially proposed in the 1940’s to 
explain the formation of cracking defects in casting, and later modified to explain the formation of 
solidification cracks during welding. (17) 
2.2.1 Development of Solidification Cracking Theory 
Some of the original solidification cracking theories were the shrinkage-brittleness theory (18), 
and the strain theory (17). The Shrinkage-Brittleness theory was originally developed to explain cracking 
in aluminum castings and welds. (18) This theory proposed a temperature range of cracking susceptibility 
that starts when enough solidification has occurred to accumulate strain in the solid, and ends when 
enough solid-solid bridging between solidification structures strengthens the melt pool. Above this 




Figure 2.6: The effect of laser power and travel speed on penetration depth for fiber laser welding of 
X100 pipeline steel. In the top figure, travel speeds are in mm/min, with 30 mm/min 
plotted at the top, and 800 mm/min at the bottom. In the bottom figure, powers are listed 




Figure 2.7: Penetration depth vs travel speed for various powers and beam diameter laser welds on ASIA 
grade 304 stainless steel. Regions where defects occur (porosity, under-filling, and 
humping) are notated. (13) 
 
The strain theory was based on work done on stainless steel and nickel based alloys. The key 
difference between the strain theory and the shrinkage–brittleness theory is that solid-solid bridging is not 
predicted until the very end of solidification in the strain theory. (17) 
In 1960, Borland (19) proposed a generalized theory of solidification cracking. Borland defined 
solidification in four stages which can be seen in Figure 2.8. Stage 1 is the mushy zone, where solid starts 
to form, but is incoherent. In stage 2, solidification continues and may form cracks which are healed by 
liquid remaining during solidification. During stage 3, there is insufficient liquid to heal any cracks that 
form due to solid shrinkage. Solidification ends with stage 4, where solidification cracks can no longer 
occur due to the absence of liquid.   
Using high speed video and fractography, Matsuda et. al. (20) observed solidification cracking in 
GTAW welds on various steels and nickel alloys. The welds were instantaneously strained during 
welding to induce solidification cracks in all the samples. Matsuda et. al. found that solidification cracks 
initiate slightly behind the weld pool, and propagate in either direction (Away from and towards the pool). 
The fracture surface of solidification cracks that propagate towards the weld pool are dendritic, indicating 
a continuous liquid film that separates. Solidification cracks that propagate away from the weld pool into 
lower temperature material have a flat surface with voids that parallel the cellular growth direction. 
Matsuda suggested that the flat fracture indicates that there is no longer a continuous liquid film in this 
temperature range, but discrete liquid droplets.  
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Figure 2.8: Solidification stages proposed by Borland (19) on a binary eutectic phase diagram. 
Solidification cracking occurs in stage 3. 
 
Matsuda (20) proposed that solidification cracks form in the range of 0.6-0.8 mean solid fraction 
based on fractographic analysis and Scheil calculations of the fraction solid and brittle temperature range 
of the alloy. Above 0.6-0.8 mean solid fraction, the solid network has enough strength and ductility to 
support strain; below it, the liquid phase is continuous enough to accommodate strain. Based on the rapid 
solid growth at the beginning of solidification, and different fracture surfaces away from the solidification 
crack initiation, Matsuda et al. proposed a modified version of Borland’s generalized theory shown in 
Figure 2.9. Matsuda et al. pointed out that in a typical fabrication weld, the solidification cracks will 
follow the heat source during welding, and the majority of the resulting fracture surface will be dendritic. 
(20) In the modified generalized theory, the stages of solidification are much closer to the liquidus line, 
due to non-equilibrium solidification, and the rapid development of solid at the beginning of 
solidification. Stage 3(h) and 3(l) are separated as susceptible to crack initiation (dendritic fracture 
surface) and propagation (flat fracture surface). 
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Figure 2.9: Modification of Borland’s generalized theory of solidification cracking by Matsuda et al. (20) 
 
The discussion of solidification cracking theories up to this point have been based on 
metallurgical principles related to solidification. The topological strength theory proposed by Prokhorov 
(21) explains solidification cracking from a mechanical basis. In Prokhorov’s hypothesis, solidification 
cracks occur when the weld material does not have enough ductility to accommodate the strain that 
accumulates during welding. This proposed mechanism is illustrated in Figure 2.10, where IImin is the 
ductility of the weld metal, ∆"#  is deformation due to solidification shrinkage, ∆"#   is shrinkage of the 
system or metal restraining the weld, and !"  is the critical strain, above which solidification cracking will 
occur.  
Taking into consideration Borland’s generalized theory and the physical conditions required to 
produce solidification cracks in a continuous casting, Feurer (22) proposed the concept of a rate of 
feeding (ROF) and a rate of shrinkage (ROS) during solidification. As solidification proceeds, the rate of 
feeding decreases because of the increased tortuosity of the liquid path between the solidifying dendrites. 
The rate of shrinkage is dependent on the cooling rate and shrinkage of the solid. Once the ROF falls 
below the ROS, solidification cracks start to form. Clyne and Davies (23) used this concept and proposed 
a cracking susceptibility coefficient (CSC) for continuous castings of binary Al-Mg. The CSC is the ratio 
of time spent in the vulnerable zone (where ROS>ROF) during solidification to time spent in the recovery 
zone (where ROF>ROS). The CSC successfully predicted the cracking susceptibility of aluminum alloys 
with up to about 6% Mg, where it started to predict too high of a cracking susceptibility. Clyne et al. (24) 
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applied the CSC concept to predict the solidification behavior of continuous cast steels with varying 
carbon contents. In combination with a back-diffusion model and a finite element analysis of the local 
heating conditions in the casting, Clyne et al. made predictions of the solidification cracking behavior of 
steel as a function of carbon content and location in the casting which correlated well with experimental 
data. 
 
Figure 2.10: Schematic of Prokhorov's hypothesis for the topological strength theory of solidification 
cracking. (21) 
2.2.2 Solidification Cracking in Laser Welds 
Chemical composition plays a dominant role in the solidification susceptibility of an alloy, 
particularly the effects of solute elements on the solidification range. During laser welding, the extremely 
high cooling rates can reduce partitioning in austenitic materials, which together with increased 
undercooling can have a significant impact on the brittle temperature range. (25) Additionally, the low 
heat input associated with laser welding can reduce the amount of heating and self-restraint during 
welding and solidification. (5)  
In 2016, Chun et al. (25) used the Transvarestraint test to measure the effects of weld travel speed 
on the brittle temperature range of AISI 316L and 310S grades of stainless steels. AISI 310 stainless steel 
solidifies as primary austenitic structure, which is typically more susceptible to solidification cracking, 
and AISI 304L solidifies first as d-ferrite. Chun et al. calculated the solid-liquid coexistence temperature 
range using a combination of the Kurz–Giovanola–Trivedi (KGT) (26) model and the solid segregation 
model for both grades of stainless steel, and found them to correspond well with the brittle temperature 
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range. The KGT and solid segregation models were used to calculate the theoretical solidification start 
and end temperatures respectively. Instead of using a Scheil calculation, these models factor in the 
influence of undercooling and segregation at high welding speeds on the solid-liquid coexistence 
temperature. For the austenitic alloy AISI 310S, partitioning and undercooling both increased with weld 
travel speed. Overall, the solid-liquid coexistence temperature range and the brittle temperature range 
both decreased with increasing travel speed. These results are illustrated in Figure 2.11. 
2.3 Solidification of austenitic nickel Alloys 
In this section, some key points from literature on the solidification, weldability, and laser 
welding of austenitic alloys pertinent to this work are reported on. Nickel superalloys do not have 
standard designations like aluminum or steel alloys, and typically go by commercial names. Nickel alloys 
can be broadly separated into four groups: pure nickel, solid-solution strengthened alloys, precipitation 
strengthened alloys, and specialty alloys. Several nickel alloy systems within these categories are shown 
in Figure 2.12. The key characteristics of nickel-base alloys is a face centered cubic (FCC) matrix that can 
be strengthened by a variety of methods. (18,27) 
2.3.1 Typical Alloying Additions 
The strengthening mechanisms of nickel alloys and alloying additions can be better understood in 
the context of major phases typically found in nickel base alloys: 
• Gamma matrix is the continuous FCC phase, making up the matrix common to all nickel-
based alloys and typically contains a large fraction of solid-solution strengthening 
elements. 
• Gamma prime is an ordered precipitate phase (Ni3Ti, Al) added to increase the high-
temperature strength of nickel alloys.  
• Gamma double prime is a body centered tetragonal (BCT), ordered precipitate (Ni3Nb) 
with a large mismatch strain with the gamma FCC matrix phase. Gamma double prime is 
an excellent strengthener at lower temperatures, but becomes unstable above 650°C. The 
precipitation of gamma double prime is slower than gamma prime, which makes gamma 
double prime strengthened alloys more resistant to strain age cracking. 
• Carbides in the form of MC, M6C, or M23C6 typically form with reactive alloy additions 
in nickel such as titanium, tantalum, hafnium, and niobium.  
• Borides typically form on grain boundaries. 
• Topologically close-packed phases such as sigma, mu, or Laves can form in certain 
compositions and are usually undesirable for strength, ductility, and poor corrosion 
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resistance. These phases typically form in alloys with a high fraction of body centered 
cubic (BCC) transition metals.  
This list above was adapted from (27). The effects of various alloying additions on nickel-base 
and cobalt-base alloys is shown in Table 2.1: . 
 
 
Figure 2.11: Effect of welding speed (ranging from speeds used in TIG welding to laser welding) on the 
solid-liquid coexistence temperature range and the brittle temperature range. The weld 
power was adjusted at each travel speed to produce a half penetration weld. Figure 
excerpted from (25) 
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Figure 2.12: Classification of nickel-base alloys. (18) 
 
Table 2.1: Effect of alloying additions on nickel-base alloys. [15] 
Effect Element 
Solid-solution strengtheners Co, Cr, Fe, Mo, W, Ta 
Carbide formers:   
   MC Type W, Ta, Ti, Mo, Nb 
   M7C3 type Cr 
   M23C6 type Cr, Mo, W 
   M6C type Mo, W 
Carbonitride formers:   
   M(CN) type C, N 
Forms γ′ Ni3 (Al, Ti) Al, Ti 
Raises solvus temperature of γ′ Co 
Forms γ″ (Ni3Nb) Nb 
Oxidation resistance Al, Cr 
Improves hot corrosion resistance La, Th 
Sulfidation resistance Cr 
Increases rupture ductility B
(b)
, Zr 
Causes grain-boundary segregation B, C, Zr 
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The resistance to solidification cracking for many of these alloys is dependent on the amount and 
temperature range of liquid film at the end of solidification, which is a strong function of chemical 
composition. Because these alloys are all FCC, partitioning is strong and can depress the actual solidus 
temperature, potentially having an impact on weldability. (17,18) Partitioning data for alloying additions 
in a series of nickel alloys is shown in Table 2.2. Note the similarities between the partitioning 
coefficients in an alloy and in the simple Ni-X binary systems. 
 
Table 2.2: Partitioning data for various nickel alloys and binary systems. Data was agglomerated and 
referenced in (18) . 
 
 
The chemical compositions and solidification behavior of the alloys investigated in this work will 
be discussed in the next sections. The alloys investigated were all provided by HAYNES
®












 alloy, 188 alloy, and 718 alloy. These alloys were 
selected to represent a wide range of alloy systems within the austenitic superalloys subset. HAYNES, 










alloy is a solid solution strengthened alloy that can be precipitate strengthened. 
214 alloy is based on the Ni-Cr-Fe system. The nominal composition data is shown in Table 2.3. The 
significant addition of Al in the alloy is to form aluminum oxide passivation layer which is more resistant 
to oxidation at high temperatures than chromium oxide. Due to the high aluminum additions, 214 alloy 






alloy nominal composition. (28) 
 Ni Cr Al Fe Co Mn Mo Ti W Nb Si Zr C B Y 
wt.% Bal 
(75) 






















Dendritic solidification is observed in autogenous fusion welds on 214 alloy, and little 
partitioning of the key alloying additions is observed. Some gamma prime even formed during 
solidification, which typically requires an aging heat treatment to form. (29) Cieslak et al. (29) also 
reported the formation of carbides and Zr compounds on solidification grain boundaries. In comparison to 
the more common Haynes 718 alloy, 214 alloy was more susceptible to solidification cracking, and B and 










alloy is based on the Ni-Cr-Co-Mo system with additions of Ti, and Al to 
precipitate gamma prime on aging. The nominal composition is shown in Table 2.4. Titanium and 
Molybdenum additions can also form carbides on solidification. The solidification structure of the fusion 
zone of weld on 282 alloy consists of a matrix of FCC with Ti and Mo rich carbides along the 
solidification grain boundaries along with some chromium-rich M23C6 carbides. Some γ’ is observed at 
the grain boundaries formed after solidification. (30,31) Compared to other super alloys, 282 alloy has 
good resistance to solidification cracking, but is very sensitive to Boron concentration. (30) 
 




alloy. (wt.%) [31] 
Ni Cr Co Mo Ti Al Fe Mn Si C B 
Bal 
(57) 










In laser welds made on 282 by Osaba et al. (31,32), some cracking was observed along grain 
boundaries just under the nail head.  This cracking was attributed to the liquation of precipitates at the 
grain boundaries in the heat affected zone. Increasing the heat input of a CO2 laser weld from 60J/mm to 










alloy is a Ni-Cr-Fe-Mo alloy with Ti, Al, and Nb additions to form both gamma 
prime and gamma double prime precipitates, giving 718 exceptional strength at room and high 
temperature. Ni3Nb or gamma double prime can also be attributed to a better resistance to strain age 
cracking. (33) The nominal composition limits of 718 are shown in Table 2.5. 
 




alloy, taken from specials metals website. (wt.%) (34) 



















































The strong partitioning in of Nb during solidification of 718 alloy can induce the formation of 
Laves phase in intergranular regions, and has been observed in differential thermal analysis (DTA) 
measurements of 718 alloy made by Cieslak et al. (35) as shown in Table 2.6. A pseudo-binary phase 
diagram of 718 alloy with Nb concentration is shown in illustrating the effect of Nb partitioning on Laves 
eutectic formation. 
 
Table 2.6: A summary of reactions reported from DTA measurement on 718 alloy. (35) 
 Heating Cooling 
















Figure 2.13: Pseudo-binary phase diagram of 718 alloy with Nb. (35) 
 
Compared to the other alloys studied in this work, laser welding on 718 alloy has been well 
reported in literature. 718 alloy has been welded extensively using CO2 lasers, fiber lasers, and pulsed 
lasers. Powers in literature range from 0.4 to 12 kW, with travel speeds ranging from 2 to 80 mm/s. A 
typical parameter study for laser welding is shown in Figure 2.14. Generally speaking, the cross-section 
of a full penetration weld narrows as the heat input is decreased. (36,37)  
Beam focus condition in keyhole mode laser welds on 718 alloy has an effect on both the weld 
quality and shape of the weld cross-section. The maximum efficiency with respect to penetration depth 
was reported at sharp focus 2mm below the surface, but was marred by undercut and spatter. (7,36) 
Argon and Helium are the most commonly used shielding gasses. (9,36–39) Nitrogen was used as 
a shielding gas for CO2 laser welding in an early study of laser welding of 718 alloy conducted by McCay 
et al. These authors also investigated the effects of shielding gas cross flow velocity on the cross-section 
profile of welds made with a continuous wave CO2 laser. At cross flow speeds in the vicinity of 2.6L/min, 
a wine glass shape was observed, as the flow rate increased the shape transitions into a beer glass shape 





Figure 2.14: Effect of laser power and travel speed on weld defects (top), and fusion zone cross-section 
(bottom) in 718 alloy. (7,37) 
 
Microfissuring, or HAZ cracking is the most common defect associated with Laser welding of 
718 alloy. Microfissures occur in the heat affected zone when grain boundaries that contain precipitates of 
Nb-rich phases such as Laves or NbC liquate and are stressed due to thermal expansion and contraction 
during welding. Other conditions that exacerbate the tendency to develop HAZ cracking are welding in 
the aged condition, coarse grain base material, and high amounts of boron. The area directly under the 
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nail head in a laser weld cross-section can be a problem spot. (2,33,39,41,42) HAZ cracking can be 
avoided by using faster travel speeds and lower heat inputs which speed up the cooling rate of the weld 











alloy is based on the Ni-Cr-W-Mo system. The high concentration of Tungsten 
and additions of Mo are added as solid solution strengtheners. The nominal composition limits are shown 
in Table 2.7. 230 alloy was originally developed for the aerospace industry due to its high temperature 
strength and fabricability, but its applications have expanded to other industries such as the chemical 
processing industry. (43) 
230 alloy is a fully austenitic alloy with W and Mo in solution. Metal carbides can form to add 
high temperature strength and grain refinement. Borides can precipitate along the grain boundaries for 
added resistance to grain boundary tearing. Due to strengthening primarily by tungsten instead of 
molybdenum, 230 alloy is less susceptible to the formation of intermetallic phases which typically have a 
negative effect on the high temperature properties and weldability. (43,44) 
 




alloy. (wt.%) (45) 
Ni Cr W Mo Fe Co Mn Si Nb Al Ti C La Zr 
Bal. 
(57) 








0.1 0.02 0.015 
max 
 
In a study by Kim et al., 2mm thick 230 alloy sheet was autogenously welded using a Nd:YAG 
laser. (46) Tensile and hardness testing showed similar strength and hardness between the base metal and 
the welded samples. No shielding gas was reported, and no microstructural characterization or weld 
defects were reported. (46) A study by S. C. Ernst used both Varestraint and restrained plate welds to 




 188 alloy 
HAYNES
®
 188 alloy is a solid solution strengthened alloy based on the Co-Ni-Cr-W system. The 
range of composition of this alloy is shown in Table 2.8.  Annealed base material has a random 
distribution of M6C carbides which are rich in Tungsten and Lanthanum. (47–50) Aging between 704  
and 892  produces	M23C6	carbides	at	the	grain	boundaries,	and	eventually	Laves	phase.	(50)	
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alloy. (wt.%) (51) 


















Several examples of laser welding of 188 alloy can be found in literature with CO2 and Nd:YAG 
lasers. (47,52,53) Odabasi et. al. (47) performed a series of CO2 welds with varying heat inputs from 61 
Jmm
-1
 to 90 Jmm
-1
. As expected, increasing heat input increased dendrite arm spacing in the fusion zone. 
Increasing travel speed at a fixed power changed the cross-sectional shape of the fusion zone from an 
hour glass shape to a nail head shape. Characterization of the fusion zone by energy dispersive 
spectroscopy (EDS) and scanning electron microscopy (SEM) showed little partitioning, but precipitates 
enriched in Cr and W, formed between dendrites. The small amount of partitioning reported agrees with 










alloy is a Ni-Fe-Cr based structural alloy designed for use in corrosive 
environments. It is an austenitic alloy that is solid solution strengthened by additions of cobalt, 
molybdenum and tungsten. The nominal composition limits are shown in Table 2.9. Cr2O3 and MnCr2O4 
form on the surface of HR-120 giving it good to corrosion resistance. (55,56). 
 




alloy. (wt.%) (56) 
Fe Ni Cr Co Mo W Nb Mn Si N Al C B 
bal. 
(33) 






0.7 0.7 0.6 0.2 0.1 0.05 0.004 
 
There is little known literature on the welding metallurgy of HR-120 specifically. However, the 
Ni-Cr-Fe system is well investigated. HR-120 is expected to solidify as in the fully austenitic phase 
region (Fe, Ni) as shown in Figure 2.15. The Nb alloying additions could lead to interdendritic carbide 
formation of M23C6 or MC, which has been observed in other high nickel Ni-Cr-Fe based alloys. (18) The 
susceptibility of stainless steels to solidification cracking has been shown to be very sensitive to impurity 





Figure 2.15: Ternary phase diagrams of the Ni-Cr-Fe system, with the composition of Haynes HR-120 










alloy is a solid solution strengthened alloy based on the NI-Co-Cr ternary 
system. The nominal composition is shown in Table 2.10. Silicon additions are added to improve 
resistance to high temperature oxidizing and sulfidizing environments. In arc welds, HR-160 solidifies as 
primary γ with Ni, Si, and Ti segregating to interdendritic regions. Solidification is terminated with a 
eutectic of γ and (Ni,Co)16(Ti,Cr)6Si7. (58) 
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alloy . (wt.%) (59) 
Ni Co Cr Fe Si Mn Ti C W Mo Nb Al 
Bal 
(37) 
29 28 2 
max 









No reports of laser welding of HR-160 alloy were found in literature. Due to the large 
solidification range, and termination of solidification with a eutectic, HR-160 alloy is expected to be 
susceptible to solidification cracking when compared to alloys 718, 310 and 316 grade stainless steel. (58) 
2.4 Weldability Testing 
The American Welding Society defines Weldability as: “The capacity of material to be welded 
under the imposed fabrication conditions into a specific, suitably designed structure performing 
satisfactorily in the intended service.” (60) As discussed previously, for austenitic nickel alloys, one of the 
main concerns is solidification cracking. The two tests that are used in this work are designed to test the 
susceptibility of alloys to solidification cracking. This section will briefly outline the history and 
development of these tests, along with concerns and test properties. 
2.4.1 Transverse Varestraint Testing 
The Varestraint test was developed in the 1960s by Lundin and Savage (61) at Rensselaer 
Polytechnic Institute to test the susceptibility of a material to hot cracking during welding. It is a strain 
controlled test that is designed to isolate the metallurgical effects on hot cracking. Lingenfelter (62) used 
the Varestraint test to evaluate the cracking susceptibility of several nickel alloys and found good 
correlation between the test results and industry experience with welding these same alloys. The original 
test setup consisted of a hydraulic mechanism that would bend a plate over a die block at a specific point 
during welding as illustrated in Figure 2.16 (62). The radius of the die blocks can be changed to modify 
the amount of strain that develops in the sample during bending. In this configuration, strain occurs along 
the width of the weld into the heat affected zone, so solidification cracking and heat affected zone 
cracking can be observed simultaneously. Because the Varestraint test has never been fully standardized, 
many modifications or different test setups exist. (10) The transverse Varestraint test, pictured in Figure 
2.17, bends the material transverse to the welding direction, inducing uniform strain along the 
temperature gradient from the weld pool into the solidified weld metal. Matsuda et al. used the transverse 
Varestraint test extensively to examine solidification cracking and characterize the brittle temperature 
range for a variety of steel, aluminum, and nickel based engineering alloys. (63) 
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Figure 2.16: Drawing of Varestraint test setup. Gauge block is interchangeable with a range of different 
radii blocks to reach the desired strain at the specimen surface. (62) 
 
Figure 2.17: Drawing of the transverse Varestraint setup used in Matsuda et al.'s work. (63) The positions 
A, B, and C refer to: A- the weld start, B - The weld pool position at bending, and C- weld end. 
 
The strain at the surface of the test specimen is related to material thickness, “t” and the gauge 
block radius, “R” by the equation: ! = #/(2' + #)  . The test is performed on a range of gauge blocks of 
different radii to fully characterize the solidification cracking behavior. The typical behavior of maximum 
crack distance versus augmented strain is shown in Figure 2.18. At very low strains no cracking will 
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occur at all. After the threshold strain is reached, increasing strain increases the crack length until 
saturation is reached, after which the crack length will no longer increase. (64) 
 
 
Figure 2.18: Response of maximum crack length to increasing surface strain in the Varestraint test. This 
type of behavior is also observed in the Transvarestraint test. (64) 
 
One advantage of the transverse Varestraint test over the Varestraint test, is that it can be used to 
characterize the brittle temperature range. This is accomplished by correlating the crack length with the 
measured temperature gradient in the weld pool. (65) This concept is illustrated in Figure 2.19. At 
saturated strain, the brittle temperature range is called the solidification cracking temperature range or 
SCTR. This value can be used to rank the weldability of alloys. (64) The following equation can be used 





Where MCD is the maximum crack distance and V is the weld speed. The advantage of using 
SCTR to rank materials is that the crack length measurement is adjusted for temperature gradient and 
welding speed, eliminating the effects of welding variables. The solidification cracking temperatures for 
several alloys are shown in Table 2.11 for reference. 
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Table 2.11: SCTR for several engineering alloys. 
Material Name: SCTR (°C) 
Duplex SS Alloy 2205, FN 100 26 
Type 304L SS, FN 6 31 
Duplex SS Alloy 2507, FN 80 45 
Type 316L SS, FN 4 49 
Super austenitic SS, AL6XN 115 
Ni-base Alloy 690 121 
Type 310 SS 139 




Figure 2.19: illustration of how the brittle temperature range is calculated from Transvarestraint test 
results. Positions a and b represent the beginning and end of the crack. Example cooling 
rate curves for steels and aluminum alloys are shown on the plot. Figure is from (65) 
 
Even though the Varestraint and transverse Varestraint test have been used primarily for arc 
welding, recently it has been used to determine the brittle temperature range for laser welding of stainless 
steel by Chun et al.  (25) The results of this study have been briefly discussed in section 2.2.2. The 
difficulty with Transvarestraint of laser welds is the ram drop time in relation to the travel speed of the 
welding laser. This lag causes the weld pool and temperature gradient to move appreciably during 
bending.  Chun et al. used high speed video to track the position of the yoke in relation to the laser head 
and compensate for the ram drop time in the brittle temperature range calculations.  
 
 28 
2.4.2 Sigma-Jig Testing 
The Sigma-Jig test was developed in 1987 by E. Goodwin to test the susceptibility of stainless 
steel alloys to hot cracking. (66) Unlike the Varestraint and Transvarestraint test, the Sigma jig test is a 
stress controlled test, and is sensitive to welding processes and parameters. (67) Pictured in Figure 2.20 is 
a drawing of the setup. The two bolts pictured at the top of the assembly are tightened to apply a load to 
the square specimen in the center. The bolts have a stack of nested Belleville washers, which can be 
inverted or removed to modify the spring constant. These bolts also have internal strain gauges, so that 
the load can be accurately adjusted within 4.5N (1lb) of resolution.   
  
 
Figure 2.20: Drawing of the Sigma-Jig test. The specimen to be welded is pictured as the square in the 
center. The assymbly grips the sampe, and the two bolts on the top left and right apply a 
load depending on their tension. 
 
Testing is carried out by welding along the centerline of the specimen while loaded. A series of 
tests were conducted with increasing loads until centerline cracks begin to form. At high loads, the sample 
completely separates. An example of crack length results is shown in Figure 2.21. AISI 316 stainless steel 
begins cracking at a lower stress than AISI 304L, and reaches the point of sample separation at a lower 
stress. Goodwin also tested the sigma jig test on a variety of weld processes and heat inputs. (67) In 
general higher heat inputs resulted in a lower threshold stress for AISI 316 stainless steel which 
corresponds to a higher susceptibility to hot cracking. Goodwin also tested pulsed laser welding and 
electron beam welding and found both processes to be much less susceptible to hot cracking than arc 
processes. For arc welding, even with a fixed heat input, the weld pool shape had a large influence on the 
threshold stress, with a round pool (low travel speed and higher current) being the most resistant, and an 




Figure 2.21: Goodwin's data on cracking of GTAW welds on 304 and 316 using the Sigma-Jig test. This 
is the typical format in which Sigma-Jig data is presented in. The value used to rank 
alloys is the threshold stress or the lowest stress that cracking starts to occur. (66) 
 
In 1995 Feng et al. (68) produced a thermo-mechanical model of the Sigma-Jig test to explore the 
development of longitudinal and transverse stress behind the weld pool during Sigma-Jig testing. Sigma-
Jig tests on a crack susceptible single crystal nickel alloys showed the formation of transverse cracks in 
the free condition, and no cracks in a low strain condition. Centerline cracks did not occur until the 
specimen was welded at higher strain. This behavior was found to be consistent with modeling of the 
stress development behind the weld pool. Transverse stress was also found to peak at the beginning and 
end of the Sigma-Jig welds. This finding is also consistent with observed behavior; cracking occurs 




CHAPTER 3: EXPERIMENTAL 
3.1 Materials 
The alloys used for this study were a range of austenitic nickel based super alloys. The exact 
compositions of the heats used in this are shown in Table 3.1. Generally speaking, the alloys can be 
categorized as precipitation hardened or solid solution strengthened nickel super alloys. The HR-XXX 
alloys were designed for specific hot corrosion environments. 188 alloy is the only Co-based superalloy 
tested. Materials for testing were provided by Haynes as 3 in. x 6 in. (7.6 cm x 15.2 cm) coupons, with 
thicknesses ranging from 0.060 in. (1.5 mm) to 0.125 in. (3.2 mm). For Transvarestraint testing, the alloys 
were cut into 1.5in. x 3in. (3.8 cm x 7.6 cm) specimens.  
3.2 Autogenous Laser Welding 
Autogenous Laser welding was performed with a 1kW Yb:YAG fiber laser to characterize laser 
welds before Transvarestraint testing. Laser positioning during welding was achieved via a three-axis 
computer numerical controlled system with 0.001in repeatability. The weld parameters and beam 
conditions used are reported in Table 3.2. As shown in Figure 3.1, the impingement angle of the laser was 
7° from normal to the specimen plane, and Ar shielding gas was applied at 45° from normal. The 
parameters and weld setup were chosen based on previous parameter studies on AISI 304L stainless steel. 
A fixed travel speed of 60 ipm (25 mm/s) was chosen to simplify the parameter development for welding 
on nickel alloys. Figure 3.2 shows the layout of the welds on a test coupon. For each material, three welds 
were made with powers of 300, 400, and 500 W. The laser power of 400 W was chosen for 
Transvarestraint testing based on penetration depth. During the welds, shielding gas conditions were kept 
constant using the conditions reported in Table 3.2. Coupons were welded in the stationary 
Transvarestraint fixture to keep the process as consistent as possible. The fixture consisted of two rollers 
on either side of the plate which restricts the material from bending upward during welding, and a gauge 
block positioned under the coupon directly behind the weld. 
3.2.1 Metallography of Autogenous Laser Welds 
Metallography was performed on the laser welded specimens to examine the fusion zone and heat 
effected zone microstructures. Three cross-sections were taken from each weld as shown in Figure 3.2. 
The sections were processed by grinding to 600 grit SiC paper, polishing sequentially with 6 µm, 3 µm, 
and 1µm diamond paste, and finished with colloidal silica on a vibratory polisher for at least 1 hour until 
no scratches from polishing were visible. Electron and X-ray characterization techniques were performed 
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directly on the polished samples. If additional contrast was needed for optical microscopy, the samples 
were etched by swabbing the surface with a 3:1 mixture of concentrated hydrochloric and nitric acid. 
 
Figure 3.1: Schematic of laser impingement angle, travel speed, and shielding gas angle during 
Transvarestraint test welding. 
 
Figure 3.2: Schematic of cross sections taken from laser welded plate for metallography. Each weld was 
performed at a different laser power from 300 to 500 Watts. 
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Table 3.1: Compositions in wt. % of alloys tested.  
Alloy: Ni Cr Co W Mo Ti Al Fe Mn Nb Si Cu C B V Ta P S Other 
282 56.48 19.34 10.24 0.0352 8.70 2.19 1.53 0.917 0.0481 <0.1 <0.05 0.0156 0.06 0.004 0.0442 0.0135 0.002 <0.002 <0.002 Zr 
230 60.59 21.94 0.0934 14.19 1.2047 <0.01 0.32 0.9437 0.4692 <0.05 0.37 0.0454 0.1 0.003 <0.05 <0.1 <0.005 <0.002 0.0158 La 
HR-120 37.2 25.05 0.0726 <0.1 0.1345 <0.01 0.07 35.83 0.6652 0.647 0.51 <0.01 0.058 0.002 0.0378 <0.01 0.01 <0.002 0.220 N 
HR-160 36.8 28.1 30.40 <0.1 0.2441 0.4557 0.106 0.3356 0.4855 <0.05 2.7416 <0.01 0.052 0 0 0 <0.002 <0.002 
 
188 23.0 21.6 37.69 14.07 0.3789 0.011 0.09 1.725 0.8168 <0.05 0.4271 0.0189 0.1 0.003 0 0.0672 0.006 <0.002 0.059 La 
214 75.0562 16.15 <0.01 <0.001 <0.1 <0.001 4.44 3.6638 0.4023 <0.01 0.0351 0 0.04 0.003 0 0 0.003 <0.002 0.02 Zr, 0.0045 Y 
718 53.1 18.1 0.301 0.1 3.06 1.0604 0.537 18.5 0.2291 5.15 0.094 0.087 0.049 0.003 0 <0.05 <0.005 <0.002 
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Table 3.2: Laser and welding parameters for Transvarestraint testing of nickel alloys. 
Weld Parameters: 
Total weld length 24.1 (0.95) mm (in) 
Power 300, 400, 500 Watts 
Travel Speed 25.4 (60) mm/s (in/min) 
Shielding Gas UHP Argon, 45° from surface 1cm away 
Shielding Gas Velocity 33 (70) L/min (ft
3
/hr) 
Focus Condition Focused at the surface of the plate. 
Optical Characteristics of the Laser: 
Type: 1kW multimode IPG fiber laser with a 120mm collimator, 100µm process fiber, 
and 200mm focal length lens 
Laser Wavelength   
Theoretical Spot Size 167 µm 
 
3.2.2 Electron and X-Ray Analysis of Weld Cross-Sections 
Polished weld cross-sections were observed in a FEI Quanta 600i Environmental SEM equipped 
with a secondary electron detector, solid state backscatter detector, and energy-dispersive x-ray 
spectrometer for chemical analysis. A working distance of 10mm was used for all measurements. 
Magnification, spot size, and accelerating voltage were selected for optimum results and are reported per 
image. Typical parameters were 15 or 20kV and an aperture size between 4.5 and 6.0. 
3.2.3 Quantitative microstructural analysis 
For several of the alloys tested, an interdendritic eutectic liquid was observed in backscatter mode 
electron microscope images. The area fraction of the eutectic was quantified using image analysis with 
ImageJ software. Ten to twenty images were taken at the center of the fusion zone in each sample at 
3500x (~0.008mm
2
) with an accelerating voltage of 20kV and an aperture size of 6.0.  
For image analysis, the images were first processed with a bandpass filter that allowed structures 
between 5 and 25 pixels. The intention of the bandpass filter was to prevent lighter grains from 
influencing the threshold. The “FFT bandpass filter” function filters image features based on length scale 
in pixels. The length scale of the eutectic constituent was approximately 10 to 15 pixels. Other features 
such as image noise was smaller, or the shading of full grains was larger. Features which were not in the 
band pass width were reduced in contrast. On the left side of Figure 3.3 the original image is shown (top), 
and the filtered image is shown (bottom). Contrast between entire grains is reduced, but the structure of 
the eutectic constituent was preserved. A high pass filter could have also been used, but would have 
allowed image noise (1-2 pixels in length) through.  
Initial processing was tried without using a bandpass filter, but thresholding could not filter the 
eutectic phase in light and dark grains simultaneously without over or under filtering in one of the grains. 
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Auto thresholding was performed using “Max Entropy,” a thresholding algorithm in Image J. The same 
algorithm was used for all the images to improve consistency. An example of the routine performed on an 
image of fusion zone of 718 alloy is shown in Figure 3.3. Figure 3.3 also demonstrates the purpose of 
using a bandpass filter before applying a threshold. After thresholding, the area fraction of lighter phase 
was evaluated for each image and reported. 
 
Figure 3.3: Example of image processing routine on fusion zone images of 718 alloy. Without the use of a 
bandpass filter thresholding shows a higher area fraction in lighter grains. 
3.3 Thermodynamic Calculations 
ThermoCalc was used to perform Scheil solidification simulations on the alloys. ThermoCalc 
software uses the minimization of free energy to calculate the phase equilibria for multi-component 
systems. Several iterations of each calculation were performed and phases which did not match was 
reported in literature were eliminated. In some cases, elements that were not intentionally added to the 
alloy were removed to simplify the calculation and produce more accurate results. The database used for 
the calculations was TCNI8, and the database for diffusion was MOBNI4. At the time of writing these are 
the most recent versions of each database. Version 2017a of the ThermoCalc was used. In alloys 
containing Carbon and Boron, both elements were selected as “fast diffusers”, so that back diffusion of 
these elements into the solid would be considered. 
To obtain results from ThermoCalc calculations, a table output was selected with mole fraction 
solid, temperature, and chemical compositions of all solidification phases. To calculate partitioning 
coefficients, differences in the composition of the initial liquid and the liquid at the end of solidification 
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were used. In addition to the table values used for calculation, the default mole fraction solid results were 
plotted as a function of for visual aid. 
3.4 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) was performed with a Seiko Instruments TG/DTA 320 
with SSC5200H Thermal Analysis System. New alumina crucibles were used for each sample, and the 
target mass for each sample was 10 mg. The actual mass of each sample is reported in Table 3.3. UHP 




Table 3.3: Sample sizes used for differential scanning calorimetry. 
Alloy: 188 214 230 282 718 HR-120 HR-160 
DSC Sample: 10.1 mg 9.3 mg 10.8 mg 6.7 mg 13.1 mg  11.1 mg 
 
For DSC experiments, samples were heated and cooled according to the schedule shown in 
Figure 3.4. Initial temperatures T1 and T2 were selected at least 50°C below and above reported melting 
point, but were revised if the melting point was higher than reported. The purpose of the first 30min hold 
was to homogenize the microstructure to reduce the effect of incipient melting on the first solidus 
temperature. For alloys 214, HR-160, and 718, cooling rates of 10°C/min and 5°C/min were also tested in 
an attempt to reduce undercooling. Several experiments were also run on alloys 718 and 214 without the 
first homogenization hold. 
 
Figure 3.4: Diagram of DSC experiment heating and cooling. 
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3.5 Transvarestraint Testing 
The Transvarestraint test requires a mechanism to quickly bend the test specimen over a gauge 
block at a predetermined time during the weld. The test apparatus consists of interchangeable gauge 
blocks with varying radii, and two rolling pins which bend the weld coupon over the gauge block during 
welding, similar to a three-point bend test. 
Figure 3.5 shows a front view schematic of the laser Transvarestraint setup at Colorado School of 
Mines. The pins shown over the sample are attached to a hydraulic actuator, which is triggered during the 
weld to bend the sample over the gauge block. These pins are supported by bearings, to allow rolling 
during bending and prevent friction from pulling the sample side to side. The hydraulic system for the 
Transvarestraint was controlled by an electronic valve triggered by an auxiliary output from the laser 
system. The simultaneous data acquisition of the laser signal and extensometer on the ram allowed for 
precise timing of the ram drop in relation to the laser weld. Strain at the surface of the sample is 




  [1] 
Where "t" is the thickness of the sample, "R" is the radius of the gauge block, and "e" is the strain 
at the top surface of the sample. Gauge blocks of 0.58in, 0.75in, 1.0in, 1.5in, 2.0in, 3.0in, 4.0in, 6.0in, and 
12in are available for testing, allowing for surface strains ranging from 0.25% to 5.5% for 1.6mm thick 
samples. Additional strips of AISI 310 stainless steel were placed on the sides of the coupon outside the 
welded region to prevent buckling of the sample during bending. Even though specimens were only 
susceptible to buckling at lower strains, supports were used on all tests to keep strain rates as consistent as 
possible. Despite these precautions, there was still some variation in the strain rate, and samples tested at 
higher strains experienced faster strain rates, as shown in Figure 3.9. 
3.5.1 Data acquisition 
An extensometer was used (pictured in Figure 3.6) to track the relative position of the ram during 
the test. The laser output signal and the extensometer signal were recorded during the test using a high 
sampling frequency Omega DAQ. The laser program used is shown in Figure 3.7. Figure 3.8 shows raw 
data from acquisition after a test. The laser off point on the data acquisition corresponds to the edge of the 
weld crater, and was used to correlate solidification crack positions with the weld pool position and 
various points during the weld. 
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Figure 3.5: Schematic of front view Transvarestraint setup. The rollers that load the specimen are on 
bearings to prevent friction from “pulling the sample”. Additional supports were placed 
on the materials outside of the welded region (not pictured) to prevent buckling at the 
weld. 
 
Figure 3.6: Side view photograph of the Transvarestraint setup at Colorado School of Mines. 
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Figure 3.7: Laser program used to control laser weld and Transvarestraint ram timing. 
 
Figure 3.8: Raw data from acquisition during typical Transvarestraint test. Different gauge blocks led to 
different drop times. 
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3.5.2 Surface Strain Rate 
As discussed in the previous chapter, strain rate can have a significant effect on solidification 
cracking. The data acquired during the tests was used to calculate the strain rates. These calculations were 
performed by dividing the calculated maximum strain by the recorded drop time. The displacement rate of 
the ram was approximately constant, and it was assumed that the surface strain was also approximately 
constant. A summary of the strain rates in all the tests is shown in Figure 3.9. The strain rate ranges from 
50 to 100 %s
-1






Figure 3.9: Strain rates for all Transvarestraint tests conducted. Strain rate calculations assumed that strain 
increased linearly with displacement of the ram. 
3.5.3 Test Matrix 
The following test matrix shown in Table 3.4 was used for Transvarestraint testing of the nickel 
alloys. Three duplicates of each test were made. Note that the strains listed are the target strains. The 
actual strains varied by ±0.05% depending on slight differences in sample thickness. 
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Table 3.4: Test matrix used for Transvarestraint testing of nickel alloys. 
Alloys to be tested: 0.25% 0.5% 1 % 2% 3.1% 5.4% 
718 3 3 3 3 3 3 
HR-160 3 3 3  3  
214 3 3 3  3  
HR-120 3 3 3  3  
230 3 3 3 3 3 3 
188 3 3 3  3 
 282 3 3 3 3 3 3 
3.5.4 Crack Length Measurements 
Crack measurements on a typical Transvarestraint test can be made in relation to the ram drop point, 
which is approximated as instantaneous. Because of the fast travel speed of the laser in relation to the ram 
drop, the crack start and end positions were measured in reference to the edge of the weld crater, so that 
they could be compared to the weld pool positions during the ram drop. The calculated position of the 
weld pool based on data acquisition is shown in Figure 3.10 overlaid on an SEM image of an 230 alloy 
specimen surface after testing at 3.2% strain. Interpretation of these measurements will be explained in 
the results and discussion section. 
 
Figure 3.10: Weld pool positions marked on an SEM image of the specimen surface at ram start and ram 
end, measured from the edge of the weld crater at laser off. The weld was made on 230 
alloy at 400 W and 25 mm/s and bent to 3.2% strain.  
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In addition to the crack length along the weld centerline, the total crack length and crack 
projected area were also measured. Total crack length was measured by summing line lengths along all 
the visible cracks in SEM images of the specimen surfaces. Cracks in the weld crater were ignored. All 
images were taken at the same magnification to reduce bias from image quality. Total crack projected 
area was measured by tracing polygons around the edge of all visible cracks.  
3.5.5 Metallography of Solidification Cracks 
Fractography of solidification cracks was performed by opening samples chilled in liquid 
nitrogen, and observing the fracture surface of the solidification cracks using SEM. The fracture surface 
of the solidification cracks was easily distinguished from the ductile fracture of the surround metal.  
Metallography of the cracked specimens was performed by mounting the cracked region face up 
in clear epoxy resin, and grinding into the solidification cracks with 600 grit SiC paper. Samples were 
finished by polishing with 1um diamond paste, and vibratory polishing in colloidal silica.  
3.5.6 Cooling Rate Measurements 
Cooling rates of the weld were measured by placing bare 0.2mm R-type thermocouple (platinum 
with 13% rhodium and pure platinum) wires in the laser welding path. During welding, the tips of the 
thermocouples were submerged into the weld pool and produced a temperature reading. Figure 3.11 
shows the thermocouple wires in a weld on 230 as an example. Cooling rates were obtained by linear fit 
of the cooling curve in the solidification range calculated by ThermoCalc. 
 
Figure 3.11: Thermocouple wires after welding on 230 alloy. 
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3.6 Sigma-Jig Testing 
The Sigma-jig test is performed by applying a tensile pre-load to a sheet specimen, and 
performing an autogenous full penetration weld transverse to the tensile load. The test apparatus was 
constructed to Goodwin’s original design as pictured in Figure 2.20. (66) Typically, 50 mm x 50 mm (2 
in. x 2in.) coupons are used for the Sigma-Jig test. Due to limited material, sub sized 25 mm x 40 mm (1 
in.  x 1.6 in.) coupons were cut off the un-strained ends of Varestraint coupons and used for testing.  
3.6.1 Laser Parameters 
The laser parameters used for welds in the Sigma-Jig test had the same laser focus, travel speed, 
and shielding gas as welds for the Varestraint test, but a power of 700 W was used to achieve full 
penetration of the test specimens. 
3.6.2 Test Matrix 
In a typical Sigma-Jig test, a series of coupons are welded at incrementally increasing loads until 
a threshold stress is reached where cracking is observed on the surface of the sample. Additional tests can 
be conducted until the crack propagates through the entire sample, which separates along the centerline of 
the weld. In order to determine the threshold stress more efficiently with respect to the number of samples 
used, a “halving” approach as outlined below was used: 
• Perform a weld with 0 ksi stress 
• Perform a weld with 40 ksi (275 MPa) stress 
• If the 40 ksi weld cracks, perform a weld with 20 ksi (137 MPa) 
• If the 20 ksi weld cracks, use 10 ksi (69 MPa), if not, use 30 ksi (207 MPa). 
• Continue splitting the difference between the last cracked and un-cracked sample until 
the threshold stress is determined within 2.5 ksi (17 MPa). 
	
The stress of 40 ksi (275 MPa) was chosen as an initial stress based on previous Sigma-Jig test 
data on austenitic alloys in literature. Prior to welding the width and thickens of the specimen was 
measured with calipers, and the area of the cross-section was used to calculate the required load to reach 
the target stress. To determine if a sample was cracked, the surface of the weld was observed at 50x 
magnification in an optical microscope immediately following welding.  
 43 
 
CHAPTER 4: RESULSTS AND DISCUSSION 
4.1 Physical and Mechanical Properties of nickel Alloys Reported by Haynes 
4.1.1 Thermo-physical Properties 
The physical properties reported here are based on nominal composition limits of the nickel 
alloys, and are reported from the Haynes website in Figure 4.1, Figure 4.2, and Figure 4.3. (69) The heat 
of fusion and melting range were measured and calculated for the actual heat compositions used in this 
work, and are discussed in section 4.2.4. Note that the values are nominally close except for 214 alloy 
with thermal conductivity. 
  




Figure 4.2: Thermal Diffusivity data from Haynes at 100 C 
 
Figure 4.3: Specific heat data from Haynes at 1000 C 
4.1.2 High Temperature Mechanical Properties 
The yield strength as a function of temperature for the alloys tested is plotted in Figure 4.4. The 
strengths of all the alloys drops significantly from 800°C to 1000°C. As the temperature increases further 




Figure 4.4: High temperature yield strength as reported by Haynes.  
4.2 Nickel Alloy Solidification 
To determine the correct parameters to use for Varestraint testing, and to characterize the 
solidification behavior of the nickel alloys used in this study, a series of autogenous welds were made on 
welds coupons and their fusion zones were characterized. All the autogenous welds were made at 25.4 
mm/s with laser powers of 300 W, 400 W, and 500 W. The laser used had a theoretical minimum beam 
size of 167µm and was used at sharp focus. 
4.2.1 Weld shape 
The effect of laser power on weld penetration depth is shown in Figure 4.5. The measurements 
shown are an average of penetration measurements taken at three different cross sections. The 
relationship between power and depth is approximately linear, which is expected based on welds made on 
AISI 304L stainless steel, and literature data. The plate thickness was approximately uniform for all the 
materials at 1.55mm. 400 W was selected to be used for Transvarestraint testing based on this experiment. 
Two parameters were used to evaluate the shape of the weld craters at the end of welding, the 
radius of the end of the weld crater, and the aspect ratio of the weld. The effect of power on each of these 
conditions is shown in Figure 4.6 and Figure 4.7. The Aspect ratio of the weld crater end and radius 
decrease with increasing power, resulting from greater heat input in the material. 214 alloy has a much 
larger radius at the back of the weld crater, which is possibly due to the higher thermal conductivity 


















Figure 4.5: Effect of weld laser power on the penetration depth of autogenous laser welds. 
 
Figure 4.6: The effect of weld laser power on the aspect ratio of the weld crater at the end of welding. 
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Figure 4.7: Top: Effect of laser power on the radius at the back of the weld crater for laser welds made 
autogenously on nickel alloy sheet.  
4.2.2 Fusion zone microstructure of autogenous welds 
The fusion zone microstructure of the 400 W welds was observed using optical and electron 
microscopes. Cross sections of the HR-XXX alloys revealed some cracking in the fusion zone. A 
solidification crack was observed in HR-160 alloy near the center of the fusion zone, shown in Figure 4.8. 
Cracks in HR-120 alloy were observed to traverse the fusion boundary. Larger cracks were observed in 
the weld made at 500 W. An image near the root of this weld is shown in Figure 4.10. Larger cracks are 
observed extending from the heat affected zone to the solidification grain boundaries in the fusion zone. 
Laser welds made on all other materials were defect free. Some liquid penetration of grain boundaries in 
the HAZ was observed on all the materials except 214 alloy, but it did not result in any cracking in the 
autogenous welds. It is unclear whether this liquid penetration was due to liquation of the grain 
boundaries, or wetting of the grain boundaries by liquid in the fusion zone. A possible mechanism is that 
fusion zone liquid penetrates along the grain boundaries in the heat affected zone. As solidification 
progresses, thermal shrinkage in the already solid HAZ and shrinkage from growth of new solid into the 
fusion zone is sufficient to nucleate cracks which propagate into the heat affected zone. In order for 
sufficient strain to accumulate at this location, solidification would have to progress enough to prevent 
liquid from the fusion zone to feed any cracks that form along the fusion boundary.  
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Figure 4.8: Optical image of solidification crack observed in polished cross-section of an autogenous 
weld made on HR-160. Some contrast in the microstructure is due to mechanical etching 
from the vibratory polisher. The solidification crack was found near the center of the 
weld fusion zone. 
 
Figure 4.9: Optical image of un-etched cross-section of 400 W weld on HR-120 alloy. Cracks that 
traverse the fusion boundary are pointed out.  
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Figure 4.10: Higher magnification image of a cross-section of 500 W weld on HR-120 showing cracks 
traversing the fusion line along grain boundaries in the HAZ to solidification grain 
boundaries in the fusion zone. Nomarski diffraction was used to show topography, but 
also highlights the inside of the cracks, giving the illusion of backfilling. 
 
For all the alloys tested, a dendritic substructure was observed within solidification grains. The 
dendritic substructure was visible in optical microscope and in back scatter electron images after vibratory 
polishing with colloidal silica, and from the top surface of welds at high magnifications in the electron 
microscope. Some topography of the dendritic structure was observed in optical microscopy using 
Nomarski diffraction. For alloys HR-120 and 214, very little contrast was observed within secondary 
dendrite arms in cross sections in back scatter mode electron images due to low partitioning, so the 
microstructure appears to be cellular, but dendritic solidification was observed on the top surface of all 
the welds. An example is shown in Figure 4.11. In alloys 188, 282, 230, and 718, a light interdendritic 
phase was visible in backscattered electron images of the fusion zone, which was quantified using a 
spatial bandpass filter and thresholding described in the experimental procedures section. The results are 




Figure 4.11: Fusion zone of autogenous weld on 718 alloy. 400 W, 25 mm/s. The dendritic structure of 
the fusion zone is clearly visible with Nomarski diffraction in the light optical 
microscope. 
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Table 4.1: Area fraction of eutectic phase observed in back scatter electron images of the fusion zone of 
400 W 25 mm/s laser welds. 
Image #: 230 alloy 188 alloy 282 alloy 718 alloy 
 
Area % Eutectic Phase: 
1 2.403 2.497 2.542 7.702 
2 2.2 2.357 3.106 10.046 
3 2.305 3.027 2.925 7.644 
4 2.268 2.785 2.93 9.461 
5 2.193 2.165 2.812 7.799 
6 1.936 2.279 2.812 8.758 
7 2.493 2.166 2.87 7.303 
8 2.43 2.341 3.153 8.341 
9 2.206 2.259 2.657 7.989 
10 2.226 2.889 2.863 7.397 
11 
 
2.419 2.673 7.584 
12 
 













Average (%) 2.3 2.4 2.9 8.5 
Deviation 0.2 0.3 0.2 1.0 
4.2.3 Partitioning during solidification 
Partitioning of alloying elements in the fusion zone across the dendritic sub structure was 
observed in all the alloys except 214 alloy. In alloys 214 some portioning was visible in backscatter 
electron images of the fusion zone, but it was not significant enough to detect using EDS analysis. In 
general, partitioning was similar to values reported in literature and matched partitioning in Ni-X binary 
systems. A summary of the measured partitioning data and the calculated partitioning data is shown in 
Error! Reference source not found.. Spot and line scans were both used to assess partitioning behavior. 
For line scans without ZAF correction, the ratio of peak intensities was used to calculate partitioning 
coefficients. Additionally, for many of the alloys, eutectic constituents were quite small  (approximately 
0.5 µm across) compared to the interaction volume of the EDS spot (approximately 1 µm
3
).  
HR-120 Alloy:  
In HR-120 alloy, a dendritic solidification structure was observed with partitioning of Nb, Cr, Si, 
and Mn to interdendritic regions. Discrete particles were observed between dendrites and at solidification 
grain boundaries. Figure 4.12 shows the full fusion zone of a 400 W laser weld on HR-120. Root porosity 
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was observed in two of the three cross sections of the 400 W weld. Figure 4.13 shows a close up the 
fusion zone with the EDS locations marked and Table 4.2 shows the composition and calculated 
partitioning data at those points. Note that for points 2 and 4, Nb is concentration is noticeably higher 
compared to points 1-6, while concentrations of the other elements that partition to the interdendritic 
regions (Cr, Si, and Mn), remain constant for point 1-6. This distribution indicates that while Cr, Si, Mn, 
and Nb partition, Nb is the majority element in the precipitates. Because the precipitates are small (0.3-
0.5µm diameter) compared to the interaction volume of the EDS spot (~1µm
3
), the concentrations of 
spots 1-6 also reflect the surrounding composition of the interdendritic region, and even slight 
inaccuracies in spot placement can affect the fraction of the precipitate that falls in the interaction volume 
of the EDS measurement. The distribution of the light interdendritic particles and the high concentration 
of Nb suggests the presence of NbC precipitates. A cubic MC carbide is predicted to complete 
solidification in Scheil calculations, shown in Figure 4.32.  
 
 
Figure 4.12: Fusion zone of 400 W autogenous weld made on HR-120 alloy. 
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Figure 4.13: Close up back scatter image of the fusion zone of HR-120 with EDS spot locations marked. 
Spots 1-6 were on interdendritic regions while spots 7-12 were at dendrite cores.  
 
Table 4.2: Partitioning data for EDS measurement locations shown in Figure 4.13. Compositions shown 
are all in at. % 
 
Fe Ni Cr Si Nb Mn 
1 31.85 35.46 27.75 2.67 1.39 0.89 
2 29.56 33.4 28.56 2.64 4.91 0.92 
3 30.75 34.63 28.4 2.84 2.42 0.97 
4 31.14 33.31 27.64 2.52 4.4 1 
5 31.86 34.83 27.7 2.81 1.86 0.95 
6 32.03 35.35 27.63 2.5 1.53 0.96 
7 36.26 35.79 25.47 1.67 0.2 0.62 
8 36.69 35.93 25.29 1.59 0.16 0.64 
9 25.96 35.87 25.77 1.44 0.22 0.75 
10 36.35 35.96 25.37 1.51 0.21 0.61 
11 35.61 35.89 26.2 1.49 0.12 0.68 
12 34.25 35.8 26.96 1.89 0.38 0.76 
Bulk 35.18 35.91 26.42 1.65 0.23 0.61 




Figure 4.14 shows a backscatter electron image of a 400 W weld on HR-160 alloy. Within the 
solidification grains shown in Figure 4.14, a dendritic substructure was observed. An example of a 
solidification grain boundary with dendritic substructure in each grain is shown in Figure 4.15. The 
contrast observed in the backscatter image of the fusion zone (Figure 4.15) is due to partitioning during 
solidification, and mechanical etching that occurred during vibratory polishing. EDS chemical analysis 
was performed on spots in the dark and light dendritic regions in two locations of the fusion zone. EDS 
data and spot locations are shown in figures Figure 4.16 and Figure 4.17 and tables Table 4.3 and Table 
4.4. This behavior is entirely consistent with partitioning data for HR-160 found in literature. (18) Also 
note that even though there are difference in the bulk composition between the two locations the 
partitioning coefficients are very similar. Due to the small volume of the interdendritic regions with 
respect to the interaction volume of the EDS spot, the partitioning is likely underestimated to some extent. 
 
Figure 4.14: Electron backscatter image of 400 W weld cross-section on HR-160 alloy. The cross-section 




Figure 4.15: Backscatter electron image showing the typical dendritic fusion zone microstructure of HR-
160 laser weld. A solidification grain boundary is observed going through the center of 
the micrograph, separating two packets of dendrites. 
 
Figure 4.16: EDS spot locations in HR-160 fusion weld.  
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Table 4.3: EDS spots on HR-160 fusion zone. Partitioning coefficients were calculated by dividing the 
interdendritic regions (spots 1 and 2) by the core regions (spots 3 and 4). All 
measurements are in atomic %.  
Spot: Si Ti Cr Co Ni 
1 9.7 1.1 27.5 26.2 35.5 
2 9.1 1.1 28.5 26.3 35.0 
3 5.9 
 
29.1 30.1 34.9 
4 5.4 
 
29.1 30.4 35.0 
Partitioning 0.60 
 
1.04 1.15 0.99 
 
 











Table 4.4: EDS atomic percent for spots shown in Figure 4.17. Spots 1-5 are interdendritic regions, and 
spots 6-10 are bulk regions. All compositions listed are in atomic %. 
Spot: Si Mo Ti Cr Mn Co Ni 
1 12.5 0.33 0.39 30.17 0.65 26.63 29.33 
2 16.79 0.3 1.16 28.12 0.57 23.7 29.37 
3 16.76 0.33 1.08 28.31 0.48 23.64 29.39 
4 14.9 0.27 0.85 29.38 0.64 24.54 29.42 
5 18.81 0.45 1.95 26.75 0.82 21.86 29.35 
6 10.34 0.29 0.35 30.29 0.38 28.36 30 
7 10.86 0.35 0.5 30.46 0.42 27.45 29.97 
8 11.88 0.29 0.56 30.32 0.46 27.01 29.47 
9 10.5 0.32 0.35 30.35 0.54 28.27 29.67 








Dendritic solidification was also observed in the fusion zone of 188 alloy. However, discrete 
particles rich in tungsten and silicon were observed at the interdendritic regions. These particles were 
visible throughout the fusion zone, and are shown in Figure 4.19. It is likely that these are W or Si carbide 
precipitates which form at the end of solidification. An EDS line scan showing the elemental partitioning 
to the interdendritic region is shown in Figure 4.20 and Figure 4.21. The peaks in x-ray intensities of W 
and Si peaks are associated with the white region between dendrites, and not necessarily the interdendritic 
region. A summary of the partitioning coefficients for the major elements is shown in Table 4.5. 
Partitioning of Tungsten to the interdendritic regions is higher than reported in literature for 188 alloy. 
(47) 
 
Table 4.5: Partitioning coefficients for elements in fusion zone of 400 W laser weld on 188 alloy. 
Partitioning coefficients were calculated based on data from the line scan shown in 
Figure 4.21. All compositions listed are in atomic %. 
188 alloy Co Cr W Si 




Figure 4.18: Backscatter electron image of 400 W laser weld made on 188 alloy. Light particles are 
observed in the base metal and interdendritic regions.  
  
Figure 4.19: Close up of dendritic fusion zone of laser weld on 188 alloy. Lighter particles between 




Figure 4.20: Location of EDS line scan in 188 alloy laser weld fusion zone. 
 
 
Figure 4.21: X-ray intensities versus distance for EDS line scan in the fusion zone of 188 alloy. The 
approximate dendrite cores are marked with dotted lines.   
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214 Alloy: 
Figure 4.22 shows the macro solidification structure, which is similar to that observed in the other 
alloys discussed. Figure 4.23 shows the solidification substructure of a solidification grain, with locations 
that EDS was taken. Table 4.6 shows the EDS data for the fusion zone of 214 alloy. The partitioning 
coefficients of all the major alloying elements is very close to 1. It is possible that 214 solidifies as 
dendrites, but due to the limited partitioning during solidification, the dendrite arms are not visible with 
back scatter electron microscopy.  
 




Figure 4.23: Locations of EDS spots in 214 alloy fusion zone. Spots 1-5 were at inter-cell regions, and 
spots 6-8 were at cell cores. 
 
Table 4.6: EDS composition data at spots indicated in Figure 4.23. All compositions listed are in atomic 
%. 
Spot: Al Cr Fe Ni 
1 18.49 17.25 3.55 60.71 
2 20.39 18.17 3.5 57.94 
3 18 17.02 3.76 61.22 
4 17.59 17.21 3.65 61.55 
5 18.89 17.59 3.65 59.87 
6 17.94 17.05 3.71 61.3 
7 18.78 16.89 3.69 60.64 
8 18.36 16.91 3.59 61.14 






A macro BSE image of the fusion zone for a 400 W weld made on 230 alloy is shown in Figure 
4.24. In 230 alloy, partitioning was observed to reveal the dendritic substructure in solidification grains, 
and a lighter interdendritic phase was also observed. A close up of this structure is visible in Figure 4.25. 
Partitioning to the interdendritic darker region or the lighter interdendritic phase can be considered. The 
compositions and partitioning to each of these regions is shown in Table 4.7. The strong partitioning of 
carbide formers (Mo, Cr, and W) and depletion of Ni and Fe in the light regions suggest that these are 
carbides which precipitate at the end of solidification. M6C and M23C6 are both predicted at the end of 
solidification. The depletion of Ni and Fe also explain why these regions are so much lighter than the 
matrix in electron backscatter images. 
 
Figure 4.24: Backscatter image of fusion zone of 400 W laser weld on 230 alloy. A larger number of 
lighter precipitates are observed in the base metal of the alloys.  
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Figure 4.25: Close up of the fusion zone of 230 alloy. Dendrite substructure is clearly visible along with a 
lighter interdendritic phase. Spots for EDS locations are noted. 
  
Table 4.7: EDS spots at locations of fusion shown in Figure 4.25. Partitioning from the bulk to both the 
lighter and darker interdendritic regions is shown. All compositions listed are in atomic 
%. 
Spot: Mo Cr Fe Ni W 
1 2.01 35.50 1.18 53.73 7.57 
2 0.95 27.23 1.15 66.07 4.60 
3 0.89 25.75 1.59 66.42 5.35 
4 0.86 26.51 1.38 66.32 4.93 
5 0.68 24.54 1.48 68.49 4.79 
Partitioning to dark region 0.78 0.94 1.00 1.03 0.93 
Partitioning to light region 0.46 0.78 1.27 1.14 0.79 
 
282 Alloy: 
A dendritic substructure was also observed in 282 alloy due to partitioning during solidification. 
Interdendritic regions were also populated with discrete precipitates. An example of this fusion zone 
structure is shown in Figure 4.26. The partitioning of the dendrite was measured with an EDS line scan, 







Figure 4.28 and Table 4.8 show the line scan a summary of the partitioning data. The discrete particles are 
likely Ti and Mo carbides, which have been reported in solidified 282 alloy in literature. (30) This 
corresponds with predicted cubic carbide precipitation at the end of solidification calculations shown in 
Figure 4.37. 
 
Figure 4.26: Backscatter image of fusion zone structure of laser weld on 282 alloy. 
 
Figure 4.27: Secondary image of 282 fusion zone with EDS spot and line scan locations noted. The 
diamond indicates the starting location of the line scan.  
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Table 4.8: EDS data for fusion zone of 282 alloy. Spots are noted in Figure 4.27. All compositions listed 
are in atomic %. 
Spot Al Ti Cr Co Ni Mo 
1 3.3 6.9 22.3 9.1 49.5 8.8 
2 3.5 6.5 22.4 9.3 49.3 9.0 
3 3.0 4.9 21.9 9.5 52.5 8.1 
4 3.8 4.0 22.8 9.8 51.0 8.7 
Average PPT 3.4 5.6 22.4 9.4 50.6 8.7 
Sum of Line 3.2 3.0 22.5 10.2 54.9 6.2 
Partitioning to PPTs 0.94 0.54 1.00 1.09 1.08 0.71 
Partitioning within line  0.51 1.00 1.07 1.16 0.64 
 
718 Alloy: 
In 718 alloy, partitioning was observed both across dendrites and across secondary dendrite arms. 
Figure 4.29 shows the position of line scans in the fusion zone of 718 alloy. Comparing line scan “A” in 
Figure 4.30 with line scan “B” in Figure 4.31, the same trends are observed in each, but partitioning is 
more dramatic across secondary dendrite arms. Table 4.9 shows the calculated partitioning coefficients 
for the elements in 718 alloy. 
4.2.4 ThermoCalc results 
ThermoCalc was used to conduct Scheil simulations and calculate composition of the liquid and 
solid to gather partitioning data during solidification. For some alloys, alloy elements or phases were 
omitted from the calculation so that predicted phases would better match observed phases. Figure 4.32 
through 4.38 show the Scheil calculations along with a dotted line for equilibrium solidification. 
Equilibrium solidification shows the solidification path if elemental partitioning is ignored, or if complete 
diffusion occurs during solidification. The parameters used for the Scheil calculations are shown in Table 
4.11, and Table 4.12 shows the interpretation of the ThermoCalc phase designations. The compositions 
used were actual composition from individual heat data of the alloys. 
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Figure 4.28: Line scan across dendrites in fusion zone of laser weld on 282 alloy 
 






Figure 4.30: EDS line scan “A” across secondary dendrite arms. 
 
Figure 4.31: EDS “B” line scan across dendrites. 
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Table 4.9: Summary of partitioning coefficients for 718 alloy. 
  Ni Cr Fe Mo Nb Ti Al 
Partitioning: 1.1 1.2 1.2 0.6 0.4 0.7 1 
 
The fraction solid vs temperature for HR-120, 188, 230, 282, and 718 alloys predict second 
phases at the end of solidification. The phase labeled as FCC_L12#3 is a carbide with NaCl prototype 
crystal structure. For alloys 188, 230, and 282, a second phase (typically carbides) is predicted to form at 
around 0.9 mole fraction solid. In 718 alloy, a second phase is predicted to form during solidification at 
around 0.5 mole fraction solid. This trend compares well with the phase fraction analysis presented in 
Table 4.1. 
Partitioning coefficients were calculated from the ThermoCalc data based on the composition of 
the liquid at the beginning and end of solidification (0% solid and 99% solid). 
Table 4.10 shows a comparison of the partitioning coefficients calculated with ThermoCalc data 
with EDS measurements. In general, the values compare well. With elements that partition strongly to 
interdendritic regions, ThermoCalc tends to over predict the amount of partitioning. This tendency could 
possibly be attributed to dendrite tip undercooling in laser welds, which reduces the amount 
microsegregation during solidification. Also note that an error of about 1% is expected for EDS 
composition measurements. For partitioning coefficients of minor alloying elements, this measurement 
error can translate into significant error. For Al in alloys 214, 282 and 718, no partitioning was measured 
even though ThermoCalc predicted significant partitioning. Chromium in HR-160 alloy was found to 
partition to dendrite cores, whereas ThermoCalc predicted it to partition to interdendritic regions.  
Two simulations were run for HR-160 alloy, one that included carbon and one that omitted 
carbon. With carbon, ThermoCalc predictions showed a significant amount of FCC_L12#3, a cubic MC 
phase, which did not correlate with SEM observations of the fusion zone. Without carbon, ThermoCalc 
predicted the formation of G-phase, which has been reported in literature. ThermoCalc tended to predict 
more extreme partitioning in minor alloying elements (those with a few percent additions) such as Ti, Nb, 
Al and Mn.
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Table 4.10 Comparison of partitioning coefficients calculated from ThermoCalc with data from EDS measurements.  
Alloy  
 
Ni Cr Fe Co Si Al Ti Nb Mn Mo W C 
HR-120 
 
ThermoCalc 1.19 0.66 1.66                   
Actual  1.04  0.92  1.10    0.60      0.08  0.71       
HR-160 





     





     
188 
 
ThermoCalc 1.69 0.8 0.83 1.23         7.7   0.37 0.12 
Actual 1 0.9   1.2 0.7       1   0.7   
214 
ThermoCalc 1.2 0.86 0.82 
  
0.51 
     
0.57 
Actual 1.01 0.97 1.01 
  
0.98 
      
230 
 
ThermoCalc 1.31 0.68               0.23 1.1   
Actual 1.14 0.78 1.27             0.46 0.79   
282 

















ThermoCalc 1.09 1.31 2.25 1.55   3.3 0.3 0.27 0.23 0.18   2.06 




Figure 4.32: Scheil calculation for HR-120. The solid line shows the Scheil model, and the dotted line shows the equilibrium, or solidification with 
complete diffusion in the solid and liquid. 
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Figure 4.33: Scheil calculation for HR-160 
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Figure 4.34: Scheil calculation for 188 alloy 
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Figure 4.35: Scheil calculation for 214 alloy 
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Figure 4.36: Scheil calculation for 230 alloy 
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Figure 4.37: Scheil calculation for 282 alloy 
 76 
 
Figure 4.38: Scheil calculation for 718 alloy 
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Table 4.11: Summary of parameters used for Scheil calculations with ThermoCalc. 
Alloy: Included Elements Allowed Phases 
HR-
120  
Ni, Cr, Co, Al, Fe, Mn, Nb, 
Si, C 
FCC_L12, Liquid, M23C6, M3C2, M6C, M7C3 
HR-
160 
Ni, Cr, Co, Si All Default 
188 Ni, Cr, Co, Fe, Mn, W, C 
C14_LAVES, FCC_L12, FCC_L12#2, FCC_L12#3, 
Liquid, M12C, M23C6, M3C2, M6C, M7C3, 
MC_ETA, MC_SHP 
214 Ni, Cr, Al, Fe, C All Default 
230 
Ni, Cr, Mo, Al, Mn, Si, C, 
W 
BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2, 
Liquid, M12C, M23C6, M3C2, M6C, M7C3, 
MC_ETA, MC_SHP 
282 
Ni, Cr, Co, Mo, Ti, Fe, C, 
Al 
BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2, 
Liquid, M12C, M23C6, M3C2, M6C, M7C3, 
MC_ETA, MC_SHP 
718 
Ni, Cr, Co, Mo, Ti, Fe, Mn, 
Nb, C, Al 
BCT_D022, C14_LAVES, FCC_L12, FCC_L12#2, 
Liquid, M12C, M23C6, M3C2, M6C, M7C3, 
MC_ETA, MC_SHP 
 
Table 4.12: Guide to ThermoCalc phase designations. 
Phase designation in 
ThermoCalc: 
Phase:  
FCC_L12 Gamma  
FCC_L12#2 Gamma prime 
BCT_D022 Gamma double prime 
FCC_L12#3 FCC NaCl structure 
C14_Laves Laves  
MxCy, MC_ETA, and MC_SHP Carbides 
 
4.2.5 Differential Scanning calorimetry and solidification sequence data. 
The solidification range of alloys was measured on heating using differential scanning 
calorimetry. In all the alloys, significant undercooling was observed during cooling, making the 
determination of the liquidus on cooling difficult. The liquidus temperatures reported in Table 4.13 were 
taken from the last endothermic peak on heating. It should be noted that significant undercooling is 
expected in a laser weld as well, so the solidification range measured on heating does not necessarily 
reflect what is actually occurring in each alloy during solidification in a weld in non-equilibrium 
conditions. Typical peaks on heating are shown in the example in Figure 4.39. Table 4.13 shows a 
summary of the solidification sequence from Scheil calculations, literature data, and the solidification 
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temperatures from calculations and differential scanning calorimetry. In general, the solidification range 
calculated by the Scheil calculations is much larger than the measured solidification range from 
differential scanning calorimetry. The melting range using the liquidus temperature from ThermoCalc and 
the solidus temperature is also reported, because undercooling can significantly depress the liquidus 
temperature measured by DSC. The heat of fusion reported in Table 4.13 was determined using baseline 
integration of the endothermic and exothermic peaks during melting and solidification in DSC. These 
were fairly consistent across all the DSC tests for each alloy, as can be seen by the reported standard 
deviation calculations for each of these measurements. 
In alloys 214 and 718, a second exothermic peak was observed after solidification at 1173-
1176°C in 718 alloy and at 916°C in 214 alloy. The energy of the 718 alloy peak was 1.5J/g, and the 
energy of the 214 alloy peak was 8.8J/g. The second peak in 718 alloy can be attributed to the formation 
of laves phase at the end of solidification. This temperature corresponds well with the predicted 
temperature of Laves phase formation by ThermoCalc, shown in Figure 4.38. No similar solidification 
phases are predicted for 214 alloy, particularly at that low of a temperature, and the peak is possibly due 
to the formation of a precipitate after solidification. 
 
 
Figure 4.39: Example of DSC data analysis on a melting run of 718 alloy. The first point is the initial 
deflection of the line and was taken to be the solidus temperature. The second peak was 
taken to be the liquidus temperature. Baseline integration was used to determine the heat 
of fusion.  The same process was used for all the other alloys.
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Table 4.13: Alloy solidification data summary from ThermoCalc calculations and DSC. 
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4.3 Transvarestraint Testing 
The procedures outlined in the procedures chapter were used to preform transverse Varestraint 
testing on the alloys. Various methods were used to measure the crack lengths and rank the weldability of 
the alloys both semi-quantitatively and qualitatively.  
4.3.1 Crack Measurements 
Figure 4.40, Figure 4.41, and Figure 4.42 show the maximum crack length and total crack length 
measurements for each alloy. All the alloys appear to reach saturated strain at 1% surface strain, and they 
all cracked at the lowest strain level of 0.25% strain. In general, the total crack length measurements are 
about 50 times longer than the maximum crack length, indicating that contributions to the total crack 
length are predominantly from non-centerline cracks. This makes some difference in the relative 
weldability which is shown in Table 4.14. Alloys 282, 214, 188, and 718 all have very similar total crack 
lengths within experimental error which are not reflected in the simple ranking.  
Figure 4.43 shows a summary of the maximum crack length of all the alloys for comparison. The 
solidification cracks of several alloys continued to follow the laser weld pool into the weld craters, as 
noted by the circled measurements in Figure 4.43. In general, cracks followed the heat source into the 
weld crater in alloys that are highly susceptible to cracking at strains higher than 1%. For alloys 214 and 
718, the relative weldability ranking reverses (718 increasing and 214 decreasing) from 0.25% strain to 
1% strain. To more clearly see this behavior, the low strains are plotted in Figure 4.44. A table 
summarizing the weldability rankings is shown in Table 4.14.  
 
Table 4.14: Weldability rankings based on maximum crack length measurements for saturated strain and 






















1% Strain: 282 188 214 230 HR-120 718 HR-160 
Total Crack 
Length: 





In addition to the maximum crack length measurements to the edge of the weld crater, the weld 
pool position at ram start were also used as a reference point. These positions were calculated by 
multiplying the time from ram start to laser off by the weld travel speed to obtain a distance, and 
measuring this distance from the edge of weld crater. The positions labeled “ram start” and “ram end” 
represent the calculated position of the weld pool along the centerline at the time the ram started bending 
and finished bending the specimen during the test. The bar plots are distances measured from the weld 
pool position at ram start, which gives an indication of which direction the crack propagated during 
bending and whether or not the crack continued to follow the heat source even after the specimen was no 
longer being strained.   
These measurements are shown in Figure 4.45 through Figure 4.51. For most of the alloys at 
strains greater than 0.5%, cracks continued after the ram stopped. The length of the crack measured from 
the ram start to the back edge of the crack was approximately constant for most of the alloys, indicating 
that even at low strains this portion of the crack had saturated. Exceptions are alloys 214 and HR-160 
shown in Figure 4.46 and Figure 4.51, where the crack length grows in either direction until saturation of 
the entire crack length. In 718 alloy, cracks stopped propagating before the ram stopped for all strains. 
This crack behavior in 718 alloy correlates with a higher fraction of eutectic liquid at the end of 
solidification compared with the other alloys tested. In 282 alloy, solidification cracks tend to stop 
simultaneously with the ram stop. 
4.3.2 Solidification Cracking Temperature Range 
The maximum crack length at saturated strain (~1% and up) can be used to rank relative 
weldability of the alloys and calculate the solidification cracking temperature range (SCTR) according to 
procedures outlined previously. The purpose of the SCTR is to provide a more quantitative method of 
ranking the weldability of alloys which is not dependent on the welding process or physical properties, 
because the cooling rate is compensated for in the calculation.  The solidification cracking temperature 
range is shown in Figure 4.52. For comparison, the average maximum crack length at saturated strain is 
presented in Figure 4.53. There are slight differences across the ranking due to differences in cooling rates 
between the alloys. The error bars shown on the SCTR are not reflective of the total uncertainty due to 





















Figure 4.42: Crack measurements for 718 alloy. 
 
Figure 4.43: Summary of maximum crack length measurements for all alloys.  
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Figure 4.44: Maximum crack length for alloys at low strain levels. Note particular behavior of alloys 718 
and 214.  
 
Figure 4.45: Crack length measurements and weld pool at ram positions for 188 alloy. 
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Figure 4.46: Crack length measurements and weld pool at ram positions for 214 alloy. 
 
Figure 4.47: Crack length measurements and weld pool at ram positions for 230 alloy. 
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Figure 4.48: Crack length measurements and weld pool at ram positions for 282 alloy. 
 




Figure 4.50: Crack length measurements and weld pool at ram positions for HR-120 alloy. 
 
Figure 4.51: Crack length measurements and weld pool at ram positions for HR-160 alloy. 
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Figure 4.52: Solidification cracking temperature range (SCTR)  
  
Figure 4.53: Maximum crack length and saturated strain 
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The solidification cracking temperature range was also compared with the solidification range 
measured by differential scanning calorimetry for comparison in Figure 4.54. Over a wide range of nickel 
and stainless steel alloys, there is some correlation observed between the solidification range and the 
solidification cracking range. (18) It is possible that no correlation is observed due to the significant 
difference in thermal conditions between the DSC tests, and the laser weld pool in the Transvarestraint 
test. For comparison, the solidification cracking temperature range was also calculated using the crack 
length from weld pool at ram start and compared with the solidification range. These calculations are 
shown in Figure 4.55. Again, there is no correlation between the solidification range and the SCTR. The 
second SCTR calculation is smaller as expected, but it is still much larger than the solidification range, 
suggesting that even with solidification cracks following the weld pool, there is still likely undercooling 
extending the solidification range in the laser weld pool. 
In addition to these comparisons, the crack susceptibility coefficient (CSC) as proposed by Clyne 






Where !""-!"$  is the time in the vulnerable zone to solidification cracking between 0.9 and 0.99 
solid fraction and !"#-!%#  is the recovery zone between 0.9 and 0.4 solid fraction. For calculations in this 
work the cooling rate was assumed to be linear between 0.4 and 0.9 solid fraction so that time could be 
used instead of temperature.  
Clyne and Davies original work was focused on predicting the cracking susceptibility of Al-Mg 
continuous castings, and was later expanded to predict the cracking susceptibility of carbon steels. (24) 
The model is based on the presence of a vulnerable time during solidification and recovery time during 
solidification. The analysis in this work is a crude first attempt and assumes that 1) the recovery and 
vulnerable zones occur at the same solid fraction for all the alloys, 2) the local thermal conditions in the 
weld are equivalent in all the alloys, and finally 3) ThermoCalc predictions of the solid fraction for each 
alloy is accurate. Despite all these simplifying assumptions, there is an apparent correlation shown in 
Figure 4.56 between the CSC coefficient calculated in this work and the maximum crack length 
measurements from the Transvarestraint test. Exceptions to this correlation are 214 and 282 alloys. This 
suggests that the concept of a recovery and vulnerable zone during solidification has validity for Nickel 
alloys as well. A more thorough investigation of the local thermal conditions in the laser weld and the 
solid liquid interface structure in a laser weld should be conducted. The goal of an investigation of the 
solid liquid interface would be to determine the transition between the vulnerable and recovery time 
during solidification occur as a function of solid fraction. 
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Figure 4.54: Solidification cracking temperature range compared with the solidification range measured 
by DSC.  
 
Figure 4.55: Solidification cracking temperature range calculated using the crack length from weld pool at 
ram start compared with the solidification range measured by DSC. 
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Figure 4.56: Maximum Crack Length plotted against cracking susceptibility coefficient based on Scheil 
calculations. 
4.3.3 Crack morphology 
The top surface of Transvarestraint specimens for each alloy were polished and viewed to observe 
how solidification cracks propagate through the microstructure. Cracks were observed to traverse both 
solidification grain boundaries and between solidification grains. Examples of both are shown in Figure 
4.57. In 230 alloy, some solid to solid network formed and was deformed during cracking. In 718 alloy, 
solidification cracks are observed to intersect solidification grains, where the dendritic structure appears 
the same on either side of the solidification crack, and to follow solidification grain boundaries. 
Micrographs of 214 alloy and HR-120 show solidification cracks clearly separating solidification grain 
boundaries.  
Back scatter electron images of the plan view of the cracked portion of Transvarestraint 
specimens are shown in Figure 4.58 and Figure 4.59 for each alloy. Differences in the apparent shape of 
the polished region are due to the sensitivity of the technique to the polishing depth and angle. Around the 
edges of the weld metal, particularly in alloys 188, 230, 282, and 718, solidification grains grow inward 
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towards the crater, which is consistent with what was observed on the top surface of all the welds. Near 
the center of the fusion zone, and in the entire fusion zone of 214 alloy, solidification grains are also 
observed growing towards the viewing plane. The further the sample is polished down, the larger area 
fraction of grains coming towards the viewing plane. In alloys HR-120 and HR-160, solidification cracks 
around the weld crater can also be observed to continue to grain boundaries in the heat affected zone.  
Upon closer observation of the solidification cracks in alloys 188, 230, 282, and 718, some back 
filling at the end of solidification cracks is observed. This correlate well with the fraction eutectic 
observations summarized previously in Table 4.1. 
. Crack healing in 718 is visible even in a macro electron image of the polished plan view in 
Figure 4.59. Figure 4.60 and Figure 4.61 show solidification cracks in HR-160 with no backfilling for 
comparison with 230 alloy where some backfilling was observed. Back filled cracks were always 
observed on the side of the solidification cracks closest to the weld crater. This is behavior is intuitive due 
to eutectic liquid forming at the end of solidification and arresting crack growth. As discussed previously, 
in 718 alloy, the crack length from ram start measures the portion of the solidification crack which grows 
towards the already solidified weld metal. The growth of the solidification crack in this direction is 
uninhibited by eutectic liquid, resulting in larger relative crack lengths at lower strain and in the 
maximum crack length from ram start measurements. As the solidification crack continue toward the heat 
source, in 718 alloy eutectic liquid plays a significant role in stopping crack growth. In alloys 214 and 
HR-160, which showed high crack susceptibility, cracks continued to follow the heat source at high 
strains all the way into the weld pool.  
718 alloy had the most backfilled cracks (4%), followed by 188 alloy (2%). Alloys 230 and 282 
had too little backfilling to quantify with image thresholding. This is due to the inability for thresholding 
to distinguish between eutectic constituents in the fusion microstructure and back filled cracks. In 718 
alloy, the area fraction of backfilled cracks was significant enough that the remaining eutectic phase could 
be filtered out with a simple noise reduction filter. 
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HR-120 alloy: 718 alloy 
  
214 alloy: 230 alloy: 
 
 
Figure 4.57: Plan view optical micrographs of solidification cracks in Transvarestraint specimens. 
Highlights on the inside of cracks is due to the use of Nomarski diffraction to make 
topography more prominent. 
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HR-120 HR-160 188 
   
214 230 282 
   
Figure 4.58: Plan view of Transvarestraint samples tested at 3% strain. Apparent differences in weld pools size and shape are due to slight 
differences in the amount and angle of grinding to reach a plan view of the specimens. 
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Figure 4.59:718 alloy plan view of Transvarestraint specimen tested at 3% strain. Extensive backfilling is 
visible at the “front” of the cracks 
 
Figure 4.60. Solidification cracks in HR-160 alloy. No backfilling is observed at the crack fronts. 
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Figure 4.61: Solidification cracks in 230 alloy. Some crack healing is observed. 
4.4 Sigma-Jig Testing 
Modified Sigma-Jig testing was also used to rank the weldability of these alloys with transverse 
Varestraint testing. The threshold stress for cracking to occur was used to rank the weldability of the 
alloys relative to each other. Depending on the threshold cracking stress and the alloy, cracking was either 
observed to first occur as transverse cracks along in the weld pool, centerline cracks at the weld start, or 
centerline cracks at behind the weld crater at the end of welding. These cracking locations are illustrated 
in Figure 4.62 for clarity, and results from the test are shown in Figure 4.63. This behavior is expected 
based on modeling of the local stress distribution during welding in the Sigma-Jig test in literature. (68) 
Total sample separation occurred in some of the samples at stresses above the threshold stress. The 
threshold stress was used to rank the alloys tested, with HR-160 being the least weldable, followed by 
HR-120, 230, 718, 282, 214, and 188. 
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Figure 4.62: Schematic of locations that cracks were found in the Sigma-Jig test. 
 
Figure 4.63: Results from Transvarestraint test. White regions were samples tested with no cracks. The 
stress at the first crack was considered the threshold stress. 
4.4.1 Discrepancies between in alloy ranking methods. 
The threshold stress was used to rank the alloy weldability and compared with the maximum 
crack length measurements from the Transvarestraint test. In general, the rankings compare well. The 
biggest discrepancy is 214 alloy, which ranked as much more weldable in the Sigma-Jig test than the 
Transvarestraint test. 214 alloy also ranked similarly in ranking based on the average total crack length at 
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saturated strain, and in a ranking based on the maximum crack length at low strain (0.25%) shown in 
Figure 4.64 compared with Figure 4.65.  
Also note the high weldability ranking of 214 alloy based on total crack length, shown in Figure 
4.66. This data seems to suggest that 214 alloy is comparatively resistant to solidification crack 
formation, but allows for easy propagation of solidification cracks to follow the weld pool. Since the 
threshold stress determined by Sigma-Jig test is dependent on the initial formation of solidification 
cracks, the high cracking threshold stress for 214 alloy appears to be justifiable. At low strains in the 
Varestraint test, the weldability ranking is highly dependent on the formation and propagation of 
solidification cracks to the back of the weld pool. At higher strains, large solidification cracks form in all 
the alloys, and the maximum crack length is more dependent on the propagation of solidification cracks 
towards the heat source rather than towards the cooled weld metal. 
One possible explanation for the increased weldability of 214 alloy in the Sigma-jig test is the 
local compressive strain that develops around the back of the weld pool. 214 alloy has a comparatively 
higher thermal conductivity and higher heat of fusion than the other alloys tested, potentially leading to 
high thermal expansion in the base material. Additionally, the tensile strength of 214 alloy drops off 
significantly compared to other alloys. This drop in tensile strength could lead to more local yielding 
around the weld pool during Transvarestraint testing leading to a lower local strain in the weld pool. A 
similar effect is possible in the Sigma-Jig test.  
 
 

















Figure 4.66: Alloy ranking based on the average total crack lengths for saturated strains. Note that even 
though 282, 214, 188, and 718 alloy are ranked by their average TCLs, the deviation 
suggests they are equivalent. 
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CHAPTER 5: CONCULSIONS 
Initial welding tests on 188, 214, 230, 282, and 718 alloy sheets showed good quality laser welds. 
HR-160 alloy and HR-120 alloy had defects in the as welded state at 400 W and 25 mm/s. The number 
and length of cracks in HR-120 test welds increased with weld power. All alloys welded had dendritic 
solidification in the fusion zone, and partitioning which generally matched the partitioning predicted by 
Scheil calculations using ThermoCalc. In 188, 230, 282, and 718 alloys, partitioning caused the formation 
of a second phase at the end of solidification, which was found to play a role in crack healing during 
solidification test.  
Characterization of the weld craters of test welds at 400 W and 25 mm/s found all the alloys to 
have similar weld crater shapes, except for 214 alloy, which had a larger radius at the back of the weld 
crater. This corresponds with higher thermal conductivity and heat of fusion in 214 alloy compared to the 
other alloys tested. ThermoCalc predictions of the solidification range were much larger than those 
measured by DSC, but the comparative magnitude of the solidification ranges correlated well.  
Transvarestraint testing was used to calculate the solidification cracking temperature range and 
the maximum crack length (MCL) for these alloys. Due to the fast travel speeds of laser welds in relation 
to the ram drop time, the propensity for solidification cracks to follow the heat source contributed to the 
apparent behavior of the MCL. At low strains 214 alloy appeared to rank as more weldable than at higher 
strains, and the reverse was true for 718 alloy. Particularly in 718, and also in alloys 188, 230, and 282, a 
large fraction of eutectic liquid was shown to have a beneficial impact on weldability by preventing 
cracks from following the heat source during welding.  
Numerical Scheil solidification calculations performed with ThermoCalc were used to calculate 
the cracking susceptibility coefficient (CSC), which is the ratio of the temperature range between 0.9 and 
0.99 solid fraction and the range from 0.4 to 0.9 solid fraction. The CSC correlates well with maximum 
crack lengths except for 282 alloy, which had a low maximum crack length compared to its CSC. 
Modeling of the local thermal conditions in a laser weld and modeling of the liquid-solid interface 
dynamics to predict the recovery and vulnerable zones during solidification could improve the application 
of the CSC to predict the solidification cracking behavior of nickel alloys in laser welding. 
Sigmajig tests were also performed to give a weldability ranking. The ranking compared well 
with the maximum crack length with the exception of 214 alloy, which ranked as significantly more 
weldable than in arc welding Varestraint tests or by SCTR. This conclusion is consistent with a low total 
crack length in 214 alloy Transvarestraint specimens, indicating that 214 alloy is comparatively resistant 
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to the formation of solidification cracks, but has little resistance to crack propagation once they form. The 
final ranking of alloys from more weldable to less weldable by Sigma-Jig testing is 188, 214, 282, 718, 
230, HR-120, and HR-160. The final ranking by maximum crack length listed from more weldable to less 
weldable is: 188, 282, HR-120, 718, 230, 214, and HR-160. The Sigma-Jig test is expected to better 
reflect the laser weldability of these alloys for fixed welding conditions, because welding parameters and 
thermo-mechanical properties of the material have a greater influence on the results compared with the 
Transvarestraint test. The maximum crack length in Transvarestraint specimens is expected to correspond 
better to the influence of alloy composition and solidification behavior on the solidification cracking 
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APPENDIX A: DIFFERENTIAL SCANNING CALORIMETRY 
As discussed in the experimental chapter, two melting and two solidification runs were performed 
for each alloy. The temperature of the DSC sample is plotted as a function of time for each alloy tested in 
Figure A.1 to show the program. Measurements of the liquidus and solidus temperatures for both of 
melting runs were averaged to obtain the melting range measurements, summarized in Table A.1, and 
integrals of all the melting and cooling runs were averaged to produce heat of fusion measurements, 
summarized in Table A.2. Figure A.2 through Figure A.15 show the analysis of the DSC data on heating 
and cooling for each alloy. 
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Figure A.1: Temperature versus time measured of the DSC sample during testing. All the scales and units 
are identical except for the time scale on HR-120. Different heating and cooling 
schedules were tried on 718 and HR-120 alloy, but good results were still produced from 
each of these runs.
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Alloy C C C C C C C C C C 
HR-120 1350 1366 1398 1405 1330 1392 1358 1401.5 43.5 4.9 
HR-160 1314 1327 1376 1380 1306 1280 1320.5 1378 57.5 2.8 
188 1398 1406 1424 1434 1286.8 1428 1402 1429 27 7.1 
214 1356 1356 1394 1397 1337 1390 1356 1395.5 39.5 2.1 
230 1375 1379 1406.5 1413 1391 1407 1377 1409.75 32.75 7.4 
282 1313 1316 1369 1372 1313 1350 1314.5 1370.5 56 4.2 
718 1253 1259 1341 1342 1318 1294 1256 1341.5 85.5 4.9 
 
Table A.2: Integral of melting and solidification peaks with respect to temperature. Heat of fusion was calculated by averaging integrals from both 
heating and cooling tests. 
Measured Event: Absolute Value of Integral of Endothermic or Exothermic Event  Summary: 
Step During Test: 
Heating Cooling Average Deviation 
Initial Heating 20 C/min Melting Solidify Shutdown 
Alloy J/g J/g J/g J/g J/g J/g 
HR-120 148.6 146.8 150.1 148.6 148.5 1.4 
HR-160 167.8 167.3 169.3 174.7 169.8 3.4 
188 138.2 130.6 142 128.8 134.9 6.3 
214 201.2 219.8 216.94 213.73 212.9 8.1 
230 140.35  141.62 136.5 139.5 2.7 
282 151.26 149.47 150.17 143.37 148.6 3.5 







Figure A.2 DSC data for 188 alloy on heating. First deviation from linear was recorded as solidus, and 







Figure A.3: Cooling DSC data for 188 alloy. First exothermic deviation from linear on cooling was 







Figure A.4. DSC data for 214 alloy on heating. 
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Figure A.5: DSC data for 214 alloy on cooling. On shutdown, a second exothermic peak is shown at 









Figure A.6. DSC data for 230 alloy on heating. The second melting run did not fully melt until the hold, 
so the integral was not used for heat of fusion. 
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Figure A.8 DSC data for 282 alloy on heating. On the initial heating step, a second endothermic peak was 
observed after the maximum endothermic peak was observed and recorded as the 
liquidus. 
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Figure A.10: DSC data for 718 alloy on heating.  
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Figure A.11: DSC data for 718 alloy on cooling. A second exothermic peak is observed on shutdown at 












Figure A.12: DSC data for HR-120 alloy on heating.  
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Figure A.13: DSC data for HR-120 alloy on cooling. The sample was split into three separate pieces 
during testing which likely undercooled to different temperatures on solidification, 
causing distinct exothermic peaks. The integral of all the peaks was summed to produce 











Figure A.14: DSC data for HR-160 alloy on heating. 
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Figure A.15: DSC data for HR-160 alloy on cooling. 
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APPENDIX B: TRANSVARESTRAINT CRACK LENGTH DATA 
Presented in Tables B.1-7 is maximum crack length and ram timing data from Transvarestraint 




Table B.1: Transvarestraint crack measurements for 718 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 












































































































 in in % ms ms ms ms µm µm µm µm 
718 12in 1 0.063 12 0.2625 3098.96 3102.77 3130.22 3.81 798.3804 701.073 743 1063 
718 12in 2 0.063 12 0.2625 3174.57 3178.54 3205.25 3.97 783.5672 682.1734 746 1061 
718 12in 3 0.063 12 0.2625 3154.65 3158.22 3186.85 3.57 822.388 731.2102 790 1090 
718 6in 1 0.063 6 0.525 3074.5 3081.82 3107.01 7.32 830.3054 643.3526 666 1076 
718 6in 2 0.063 6 0.525 3597.64 3605.17 3630.67 7.53 843.5862 651.27 776 1112 
718 6in 3 0.063 6 0.525 4245.12 4253.411 4277.66 8.291 831.0716 619.31946 689 1146 
718 3in 2 0.063 3 1.05 2288.18 2305.11 2304.76 16.93 423.4532 -8.939 293 967 
718 3in 3 0.063 3 1.05 2158.27 2175.25 2182.11 16.98 608.8736 175.2044 182 989 
718 3in 4 0.063 3 1.05 2247.61 2263.62 2270.77 16.01 591.5064 182.611 294 966 
718 1.5in 3 0.063 1.5 2.1 3839.208 3859.629 3859.296 20.421 513.04752 -8.50482 35 724 
718 1.5in 4 0.063 1.5 2.1 2647.71 2668.62 2670.3 20.91 576.9486 42.9072 95 905 
718 1.5in 5 0.063 1.5 2.1 2965.66 2986.23 2991.23 20.57 653.0578 127.7 119 1019 
718 1inB 2 0.063 1 3.15 2195.57 2214.08 2226.91 18.51 796.036 325.882 385 1076 
718 1inB 3 0.063 1 3.15 2247.24 2265.63 2277.13 18.39 759.206 292.1 373 1037 
718 1inB 4 0.063 1 3.15 2919.21 2937.59 2950 18.38 782.066 315.214 435.6 1113 
718 0.6in 1 0.063 0.584 5.39 3389.36 3407.46 3418.09 18.1 733.7642 271.4902 328 1031 
718 0.6in 2 0.063 0.584 5.39 2450.47 2468.74 2480.08 18.27 756.2394 289.6236 372 1132 
718 0.6in 3 0.063 0.584 5.39 2357 2375.09 2385.3 18.09 722.782 260.7634 280 999 
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Table B.2: Transvarestraint crack measurements for 282 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
282 12in 1 0.063 12 0.26 2063.44 2067.14 2096 3.7 831.5824 737.0844 835 957 
282 12in 2 0.063 12 0.26 2776.64 2780.12 2809.01 3.48 826.7298 737.8506 904 1023 
282 12in 3 0.063 12 0.26 3162.49 3166 3193.34 3.51 787.909 698.2636 831 910 
282 6in 1 0.063 6 0.53 3455.69 3462.68 3487.93 6.99 823.4096 644.885 0 196 
282 6in 2 0.063 6 0.53 3465.97 3473.09 3496.87 7.12 789.186 607.3412 640 795 
282 6in 3 0.063 6 0.53 3389 3395.82 3420.2 6.82 796.848 622.6652 721 884 
282 3in 2 0.063 3 1.05 3606.81 3623.56 3634.26 16.75 701.073 273.278 298 746 
282 3in 3 0.063 3 1.05 2928.68 2944.1 2953.75 15.42 640.2878 246.461 0 453 
282 3in 4 0.063 3 1.05 2608.07 2624.92 2631.58 16.85 600.4454 170.0964 132 657 
282 1.5in 1 0.063 1.5 2.10 2690.7 2718.43 2716.57 27.73 660.7198 -47.5044 94 729 
282 1.5in 2 0.063 1.5 2.10 2393.3 2421.34 2422.81 28.04 753.6854 37.5438 262 813 
282 1.5in 3 0.063 1.5 2.10 2593.4 2621.3 2625.04 27.9 808.0856 95.5196 267 926 
282 1inB 4 0.063 1 3.15 3227.44 3245.58 3256.29 18.14 732.79 272.034 335 799 
282 1inB 2 0.063 1 3.15 2480.51 2498.61 2510.82 18.1 769.874 310.134 245 820 
282 0.6in 1 0.063 0.584 5.39 2511.06 2528.61 2538.32 17.55 696.2204 247.9934 280 807 
282 0.6in 2 0.063 0.584 5.39 2907.7 2925.36 2936.52 17.66 736.0628 285.0264 259 894 
282 0.6in 3 0.063 0.584 5.39 2369.62 2387.33 2399.36 17.71 759.5596 307.2462 289 887 
282 12in 1 0.063 12 0.26 2063.44 2067.14 2096 3.7 831.5824 737.0844 835 957 
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Table B.3: Transvarestraint crack measurements for 230 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
230 12in 1 0.062 12 0.26 2990.88 2993.78 3022.99 2.9 820.0894 746.0234 858 1085 
230 12in 2 0.062 12 0.26 2700.62 2704.04 2731.46 3.42 787.6536 700.3068 791 1057 
230 12in 3 0.062 12 0.26 2376.16 2379.68 2408.79 3.52 833.3702 743.4694 842 1128 
230 6in 2 0.062 6 0.52 3907.4 3914.68 3940.825 7.28 853.6745 667.7433 743 1053 
230 6in 3 0.062 6 0.52 3536.58 3543.96 3567.04 7.38 777.9484 589.4632 565 877 
230 3in 1 0.062 3 1.03 3233.51 3250.15 3256.52 16.64 587.6754 162.6898 0 768 
230 3in 2 0.062 3 1.03 2330.61 2347.75 2353.52 17.14 585.1214 147.3658 48 730 
230 3in 3 0.062 3 1.03 2968.43 2985.38 2990.99 16.95 576.1824 143.2794 0 808 
230 1.5in 1 0.062 1.5 2.07 2843.8 2871.91 2872.64 28.11 736.5736 18.6442 0 957 
230 1.5in 2 0.062 1.5 2.07 1910.12 1938.46 1943 28.34 839.7552 115.9516 0 1020 
230 1.5in 3 0.062 1.5 2.07 2164 2191.85 2196.88 27.85 839.7552 128.4662 0 1108 
230 1inB 1 0.062 1 3.10 6296.23 6314.59 6325.74 18.36 749.554 283.21 231 958 
230 1inB 2 0.062 1 3.10 2853.27 2871.45 2884.78 18.18 800.354 338.582 347 1029 
230 1inB 3 0.062 1 3.10 91.51 109.33 122.99 17.82 799.592 346.964 231 1083 
230 0.6in 1 0.062 0.584 5.31 2786.06 2804.61 2817.32 18.55 798.3804 324.6134 197 1015 
230 0.6in 2 0.062 0.584 5.31 2338.23 2356.17 2367.59 17.94 749.8544 291.6668 155 939 
230 0.6in 3 0.062 0.584 5.31 2830.04 2848.05 2860.49 18.01 777.693 317.7176 330 1044 




Table B.4: Transvarestraint crack measurements for 214 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
214 12in 1 0.062 12 0.26 2761.68 2765.22 2792.03 3.54 775.139 684.7274 780 955 
214 12in 2 0.062 12 0.26 2735.79 2739.62 2765.98 3.83 771.0526 673.2344 828 941 
214 12in 3 0.062 12 0.26 2786.23 2790.04 2818.54 3.81 825.1974 727.89 951 1169 
214 6in 1 0.062 6 0.52 3401.39 3407.65 3428.24 6.26 685.749 525.8686 581 892 
214 6in 2 0.062 6 0.52 3109.04 3115.31 3136 6.27 688.5584 528.4226 225 943 
214 6in 3 0.062 6 0.52 3462.19 3469.25 3489.94 7.06 708.735 528.4226 344 960 
214 3in 1 0.062 3 1.03 2436.01 2452.67 2462.08 16.66 665.8278 240.3314 0 994 
214 3in 2 0.062 3 1.03 3468.54 3485.17 3494.17 16.63 654.5902 229.86 0 1089 
214 3in 3 0.062 3 1.03 3246.39 3263.39 3271.19 17 633.392 199.212 0 1083 
214 1in 1 0.062 1 3.10 3946.84 3969.31 3976.1 22.47 743.204 172.466 0 1310 
214 1in 2 0.062 1 3.10 3564.53 3586.38 3594.9 21.85 771.398 216.408 0 1242 




Table B.5: Transvarestraint crack measurements for 188 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
188 12in 1 0.061 12 0.25 3382.01 3385.11 3412.73 3.1 784.5888 705.4148 870 1043 
188 12in 2 0.061 12 0.25 3108.59 3111.85 3138.48 3.26 763.3906 680.1302 685 870 
188 12in 3 0.061 12 0.25 3203.63 3206.66 3235.84 3.03 822.6434 745.2572 859 981 
188 6in 1 0.061 6 0.51 2699.22 2705.77 2726.56 6.55 698.2636 530.9766 593 808 
188 6in 2 0.061 6 0.51 3404.01 3410.79 3433.68 6.78 757.7718 584.6106 634 844 
188 6in 3 0.061 6 0.51 3213.5 3219.99 3242.74 6.49 746.7896 581.035 647 839 
188 3in 1 0.061 3 1.02 2859.35 2876.27 2884.82 16.92 650.5038 218.367 0 765 
188 3in 2 0.061 3 1.02 3000.65 3017.69 3026.76 17.04 666.8494 231.6478 120 803 
188 3in 3 0.061 3 1.02 2879.48 2896.46 2906.56 16.98 691.6232 257.954 0 805 
188 1in 1 0.061 1 3.05 3284.28 3304.4 3315.169 20.12 784.5806 273.5326 249 838 
188 1in 2 0.061 1 3.05 3758.51 3778.43 3789.43 19.92 785.368 279.4 162 931 
188 1in 3 0.061 1 3.05 3584.03 3605.31 3617.17 21.28 841.756 301.244 221 950 
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Table B.6: Transvarestraint crack measurements for HR-160 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance 
from Crater Edge 
(60ipm, 25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
160 12in 1 0.06 12 0.25 3506.88 3510.09 3537.91 3.21 792.5062 710.5228 0 541 
160 12in 2 0.06 12 0.25 3080.78 3083.73 3112 2.95 797.3588 722.0158 882 1266 
160 12in 3 0.06 12 0.25 3157.5 3160.39 3188.19 2.89 783.8226 710.012 850 1316 
160 6in 1 0.06 6 0.50 3256.61 3263.06 3283.44 6.45 685.2382 520.5052 133 977 
160 6in 2 0.06 6 0.50 3214.93 3221.31 3244.23 6.38 748.322 585.3768 469 1375 
160 6in 3 0.06 6 0.50 3226.25 3232.5 3255.65 6.25 750.876 591.251 516 1187 
160 3in 1 0.06 3 1.00 3093.12 3109.07 3120.5 15.95 699.2852 291.9222 0 1234 
160 3in 2 0.06 3 1.00 3689.77 3705.54 3718.92 15.77 744.491 341.7252 0 1214 
160 3in 3 0.06 3 1.00 3079.97 3096.38 3110 16.41 766.9662 347.8548 0 1309 
160 1in 1 0.06 1 3.00 2336.79 2356.97 2367.36 20.18 780.7578 265.3606 0 1457 
160 1in 2 0.06 1 3.00 3163.73 3184.19 3194.72 20.46 791.4846 268.9362 0 1307 
160 1in 3 0.06 1 3.00 3371.43 3391.86 3401.47 20.43 767.2216 245.4394 0 1422 
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Table B.7: Transvarestraint crack measurements for HR-120 alloy. 
    Measured Times from Data 
Acquired During Test 
 Calculated Distance from 
Crater Edge (60ipm, 
25mm/s) 
Measured from 











































































































 in in % ms ms ms ms µm µm µm µm 
120 12in 3 0.065 12 0.27 2848.92 2856.02 2873.73 7.1 633.6474 452.3134 713 1036 
120 12in 4 0.065 12 0.27 3230.37 3236.15 3257.96 5.78 704.6486 557.0274 852 1057 
120 12in 5 0.065 12 0.27 
  
  0 0 0 711 966 
120 6in 1 0.065 6 0.54 2848.6 2856.1 2873.8 7.5 643.608 452.058 402 792 
120 6in 2 0.065 6 0.54 3230.52 3236.04 3257.98 5.52 701.3284 560.3476 539 902 
120 6in 3 0.065 6 0.54 3604 3609.73   5.73 -92046.16 
 
479 807 
120 3in 1 0.065 3 1.08 3230.82 3247.56 3258.24 16.74 700.3068 272.7672 0 922 
120 3in 2 0.065 3 1.08 2924.27 2941.28 2951.03 17.01 683.4504 249.015 0 899 
120 3in 3 0.065 3 1.08 3200.19 3216.48 3227.74 16.29 703.627 287.5804 0 867 
120 1in 1 0.065 1 3.25 3537.84 3558.69 3570.01 20.85 817.118 287.528 53 888 
120 1in 2 0.065 1 3.25 3882.88 3903.53 3914.29 20.65 797.814 273.304 175 949 
120 1in 3 0.065 1 3.25 3937.05 3958.31 3966.1 21.26 737.87 197.866 208 960 
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Table B.8: Total crack length and total crack projected area for HR-120, HR-160, 188, 214, and 230 alloys.  
(Data for other alloys on next table) 
Alloy 
Abbreviation 
Strain Total Crack 
Length (TCL) 
TCL Deviation Projected Crack 
Area (TCA) 
TCA Deviation 
 % µm µm µm µm 
120 0.27 968 104 4689 1244 
120 0.54 1864 185 16681 714 
120 1.08 4236 427 77834 8296 
120 3.25 5343 255 131261 2242 
160 0.25 2641 364 15298 1944 
160 0.50 3240 422 43886 1469 
160 1.00 8790 1437 94216 5416 
160 3.00 7193 718 222894 16577 
188 0.25 379 108 1243 631 
188 0.51 872 123 8653 1885 
188 1.02 3207 2269 45499 1461 
188 3.05 2536 628 95186 5205 
214 0.26 512 45 2201 1220 
214 0.52 1247 237 17093 2268 
214 1.03 2183 326 67118 5179 
214 3.10 3530 581 221714 28462 
230 0.26 965 157 6065 2755 
230 0.52 1389 149 14105 1885 
230 1.03 2997 324 41343 9229 
230 2.07 4463 557 111691 3149 
230 3.10 4175 700 106382 5379 
230 5.31 4219 260 122351 5282 
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Table B.9: Total crack length and total crack projected area for 282 and 718 alloys.  
(Data for other alloys on previous table) 
Alloy 
Abbreviation 
Strain Total Crack 
Length (TCL) 
TCL Deviation Projected Crack 
Area (TCA) 
TCA Deviation 
 % µm µm µm µm 
282 0.26 173 55 406 266 
282 0.53 497 114 1913 477 
282 1.05 1924 89 18547 1425 
282 2.10 2966 321 47316 4738 
282 3.15 2656 144 44742 2209 
282 5.39 3112 634 80832 25508 
718 0.00 555 144 3288 942 
718 0.53 744 186 8817 765 
718 1.05 1941 273 34071 1333 
718 2.10 4221 2560 69190 4861 
718 3.15 2627 220 75748 7435 
718 5.39 3506 313 100189 5688 
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APPENDIX C: TABULATED NICKEL ALLOY DATA 
Table C.1: High temperature thermophysical properties reported by Haynes International (69) 
Alloy Specific Heat Thermal Diffusivity 
Thermal 
Conductivity 
 J/kg.C 10^-3 cm^2/s W/m.C 
 at 1000C at 1000C at 1000C 
282 676 52.1 28.9 
188 590 53 27.6 
230 617 48.2 28.4 
214 742 54.2 32.7 
















































































































































































°C  MPa   °C  MPa   °C  MPa   °C  MPa   °C  MPa   °C  MPa   °C  MPa  
188  214  230  282  718  HR-120  HR-160 
21 483  21 577  21 375  21 699  21 1404  21 719  21 353 
538 315  649 537  538 251  538 632  427 1215  538 554  538 225 
649 311  760 498  649 255  649 631  538 1188  649 503  649 215 
760 301  871 279  760 253  704 624  649 1131  760 412  760 212 
871 256  982 41  871 242  760 612  760 792  871 247  871 110 
982 132  1038 27  982 118  816 567  871 275  892 128  982 66 
1093 66  1093 20  1093 63  871 501  982 94  1093 66  1093 32 
   1149 14     927 303     993 97  1149 19 
   1204 10     982 129        1204 14 
 
